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Dearomatization reactions represent a powerful tool for the conversion of readily-available arenes 
into structurally complex, high-value intermediates in synthesis. Although there are many classic and 
modern approaches for overcoming the resonance stability inherent in these compounds, the technologies 
reported in the literature have limitations in terms of substrate scope and bonds constructed. In particular, 
there is a paucity of reactions for dearomative installation of functionality into simple arenes in a selective 
and mild fashion.  
The first chapter of this dissertation describes the development of a dearomative functionalization 
reaction developed by our laboratory for the regio- and stereoselective formation of cis-dihydrodiol and 
diaminodiol derivatives of simple arene substrates. Using a photochemical cycloaddition between arenes 
and small molecules termed arenophiles, we have accomplished a one-pot process for dearomatizing 
benzene, naphthalene, and higher order aromatic systems and trapping the dearomatized intermediates with 
osmium-catalyzed dihydroxylation. Through this approach, we have accessed a number of dihydrodiol and 
diaminodiol compounds with functionality not tolerated in tradition dearomatization methodologies, and 
we have applied this strategy to the synthesis of high value small molecules. 
The second chapter describes the synthesis of lycoricidine and narciclasine, two Amaryllidaceae 
alkaloids with potent anti-cancer activity. Through the application of a Narasaka variant of our dearomative 
dihydroxylation reaction and a key Suzuki reaction, we have enabled concise access to a key intermediate 
encompassing all of the carbon atoms present in these isocarbostyril alkaloids. In addition to completing 
the synthesis of lycoricidine via a nitroso-Diels–Alder reaction and protecting group cleavage, we utilized 
an aryl C–H hydroxylation strategy for the conversion of a late-stage lycoricidine intermediate into a 
compound en route to narciclasine. Finally, we were able to synthesize a range of biaryl dihydrodiol 
compounds through the application of our dearomative dihydroxylation-Suzuki coupling process, using 
commercially available boronic acids and bromobenzene as starting materials. 
The third chapter discusses approaches to the fungal natural product collybolide. This compound 
is of interest due to the increasing need for alternative opioid pharmaceuticals to treat pain and addiction 
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caused by the current opioid crisis. As collybolide has been identified as a potent, biased κ-opioid receptor 
agonist, it has the potential to be developed into therapeutics for the treatment of pain, itch, addiction, and 
depression. No total syntheses of this compound have been reported; we have thus far explored two routes 
to the natural product. While the first route, using an intramolecular conjugate addition as a key step, failed, 
the current route employs a dearomative hydrogenation reaction to access key stereocenters in the natural 
product from a symmetrical arene starting material. The use of enzymatic desymmetrization will allow for 
the conversion of this symmetrical hydrogenated product into an enantiopure intermediate suitable for 
collybolide synthesis, and synthetic access to this compound will allow for further biological testing and 












“Now, of course, I’ll have to get the microscope out 
 and continue with the exploration of Nature’s wonderful debris” 
- Michael Welland, Sand as motif: further confessions of an arenophile 
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CHAPTER 1. DEAROMATIVE DIHYDROXYLATION WITH ARENOPHILES† 
1.1. Introduction.  
1.1.1. Dearomatization reactions of simple arenes. Due to their wide availability, prevalence in natural 
products and pharmaceutical compounds, and their known patterns of reactivity, aromatic compounds 
represent an important class of chemicals. Generated from petroleum feedstocks, thousands of arenes are 
available as hydrocarbon building blocks for synthesis. Synthetic strategies for modifying the periphery of 
these materials through electrophilic1 or nucleophilic aromatic substitution,2 Friedel-Crafts reactions,3 
transition metal-catalyzed cross-coupling reactions,4 and C-H activation processes,5 have become a 
fundamental tool in organic synthesis, with numerous books and reviews summarizing the possibilities for 
generating substituted arenes.  
While the methods for decorating aromatic rings with substituents are important in many areas of 
chemistry, transformations that disrupt the inherent resonance stability of these flat compounds generate 
products with more three-dimensional complexity and broader possibilities for reactivity (Scheme 1.1).6  
 
Scheme 1.1. Classical dearomatization reactions in the synthetic chemist's toolbox. 
Such dearomative reactions allow for aromatic cores, which have orthogonal reactivity to many other 
species, to be utilized as masking groups for other six-carbon structures. Birch reduction (1.1 to 1.2),7 
†Portions of this chapter are reproduced from the following publication with permission from the 






dearomative hydrogenation (1.1 to 1.3),8 and dearomative oxidation of phenols (1.1 to 1.4) are all examples 
of classic dearomatizations for benzene derivatives;9 in addition, photochemical methods (1.1 to 1.5)10  and 
stoichiometric transition metal complexes11 or strongly nucleophilic reagents (1.1 to 1.6) have been utilized 
to access different classes of dearomatized compounds.12 
 
Scheme 1.2. Syntheses of selected natural products and pharmaceuticals utilizing dearomatization as a key step. 
1.1.2. Applications of dearomatization reactions in synthesis. Such strategies are valuable tools; 
dearomatization reactions have played important roles in numerous total syntheses (Scheme 1.2).13 





cortistatin A (1.12),15 (+)-juvabione (1.16),16 and (±)-laurenene (1.19),17 have all been accessed via 
dearomative approaches. In the Hoffman-LaRoche synthesis of oseltamivir (1.9), dearomative 
hydrogenation of substituted benzene derivative 1.7 was achieved at high pressure in the presence of 
Rh/Al2O3 as the catalyst to give the all-cis cyclohexane core 1.8.14 This product was transformed in five 
steps to the target pharmaceutical compound.  
The core of (+)-cortistatin A (1.12) was assembled by Sorenson and coworkers through 
dearomative oxidation of the phenol in intermediate 1.10.15 Exposure of this compound to a hypervalent 
iodine reagent resulted in nucleophilic addition of the tertiary alcohol into the para-position of the phenol, 
and subsequent increase in temperature induced [3+2] cycloaddition between the dieneone and the nitrile 
oxide formed in situ to produce 1.11.  A series of subsequent transformations afforded the natural product. 
Complexation to transition metals polarizes aromatic cores toward nucleophilic attack; addition of 
the auxiliary-bound lithium enolate derived from 1.14 into the manganese complex 1.13 formed the 
cyclohexadienyl Mn complex 1.15.16 Miles and coworkers carried this intermediate through further steps 
and achieved a formal synthesis of (+)-juvabione.  
Finally, Wender and coworkers used arene-alkene meta-photocycloaddition in their racemic 
synthesis of laurenene (1.19).17 Exposure of tricyclic precursor 1.17 to UV irradiation afforded the overbred 
intermediate 1.18, which was transformed to (±)-laurenene (1.19) by further fragmentation and reduction.  
1.1.3. Limitations of current dearomatization technology. Despite the advances that have been made in 
the area of dearomatization chemistry, and its many applications in synthesis, there remain limitations in 
the substrate scope, functional group tolerance, and practicality of these transformations. The resonance 
stability associated with simple aromatic compounds, particularly for benzene, necessitates the use of highly 
reactive reagents or harsh conditions.18 In reactions such as the Birch reduction, the use of dissolving metals 
prevents sensitive functionality such as halides or benzylic heteroatoms from being preserved in the 
products.7 Alternatively, UV irradiation has been effective for excitation of arene nuclei to induce 
cycloaddition, but such harsh irradiation can adversely affect other portions of complex molecules.10 In 





system to decrease resonance stability is required (e.g. the use of phenolic or heteroaromatic starting 
materials).19 Due to these constraints, the reactions that achieve dearomatization can be difficult to control, 
and are usually limited to the formation of C–H and C–C bonds. As mentioned above, stoichiometric 
transition metal complexes can help to lower the energetic barrier of reaction with both electrophiles and 
nucleophiles; however, the necessity of stoichiometric complexes with expensive metals, and oxidative 
decomplexation conditions, render these transformations less cost-effective and practical.11  
1.1.4. Prior work in the area of chemical dearomative functionalization. Dearomatization processes 
that install heteroatom functionality into aromatic cores are limited, and often result in overfunctionalized 
or decomposed products (Scheme 1.3). For example, charge transfer osmylation of benzene (1.20) is 
possible using UV irradiation and osmium(VIII) oxide, but the product 1.21 of single dihydroxylation 
cannot be isolated from the reaction mixture. Instead, further dihydroxylation occurs, resulting in the 
isolation of hexaacetate 1.22 after acetate protection.20  
 
Scheme 1.3. Overreaction of arenes in dearomative functionalization reactions. 
Dearomative chlorination of benzene suffers from the same outcome; the dichlorinated product 1.23 is not 
isolated; only the perchlorinated product 1.24 is observed.21 Finally, epoxidation of benzene with 





decomposition to form dialdehyde 1.26.22 Prior to our work in this area, controlled, olefin-like 
functionalizations of arenes were not well-described in the literature. 
1.1.5. Enzymatic dihydroxylation of aromatic compounds. An important strategy for dearomative 
functionalization is the use of enzymes or recombinant organisms to achieve arene dihydroxylation, a 
process called microbial arene oxidation (MAO).23 In biological systems, the oxidation of benzene and 
related compounds occurs during their metabolism into pyruvate precursor 1.28, via catechol 1.27 (Scheme 
1.4).24 While this biological pathway had been studied as early as the 1950s, the key advance toward 
formation of the unstable cis-diol intermediate 1.21 was achieved via mutation of P. putida.  
 
Scheme 1.4. Arene metabolism in bacterial organisms.  
In the wild-type organism, the dihydrodiol is rapidly converted to the catechol; the mutated 
organism lacked the dehydrogenase enzyme that accomplishes this oxidation, thus allowing for dihydrodiol 
synthesis.25 Since this discovery, multiple classes of arene dioxygenase enzymes have been studied and 
developed to perform this transformation in a highly stereoselective manner on different aromatic nuclei.23 
1.1.6. Regioselectivity and stereoselectivity of enzymatic dihydroxylation. The regio- and 
stereoselectivity trends of MAO have been well-studied and are summarized below (Scheme 1.5).23 There 
are four major classes of arene dioxygenase that are commonly utilized in these reactions: toluene 
dioxygenase (TDO), naphthalene dioxygenase (NDO), biphenyl dioxygenase (BPDO), and benzoate 
dioxygenase (BZDO). For the first three enzyme classes, molecular oxygen is incorporated into the 2- and 
3-positions relative to the large substituent, designated R, with the given absolute stereochemistry (i.e., 1.29 
and 1.31). For BZDO, dihydroxylation occurs ipso to the substituent and in the 2-position, with the opposite 
sense of stereochemistry, producing dihydrodiol 1.33. While these enzymes are named after their archetypal 
substrate, they are relatively promiscuous, and can tolerate a certain amount of variability in the substituent. 
In addition, mutations have been made that allow for alternative selectivity to be achieved, but these are 






Scheme 1.5. Typical regio- and stereoselectivity for dihydroxylation with arene dioxygenase enzymes.  
One method for achieving alternative 3,4-selectivity is through performing MAO on dihalogenated 
arenes, followed by further chemical transformations (e.g., the production of alternate constitutional and 
stereoisomers of the bromobenzene-derived dihydrodiol) (Scheme 1.6).26  
 
Scheme 1.6. Accessing alternative constitutional and stereoisomers of dihydroxylation. 
Dihydroxylation of 1-bromo-2-iodobenzene (1.34) and 1-bromo-4-iodobenzene (1.36) to their 
corresponding diols, followed by cleavage of the C–I bond, affords the 3,4-dihydroxylated product 1.35 
and the enantiomeric product 1.37, respectively. 
1.1.7. Applications of microbial arene oxidation products in total synthesis. The products of microbial 
arene oxidation have found use in many total syntheses of natural products (Scheme 1.7).27 For example, 





benzoic acid 1.32, dihydroxylation with A. eutrophus B9 gave enantiopure diol 1.33. This diol was the key 
intermediate for construction of the B ring in these antibiotic compounds and permitted asymmetric 
synthesis of the tertiary alcohol at the A-B ring junction in (–)-doxycycline (1.38).  
 
Scheme 1.7. Natural products synthesized from arene dihydrodiols as key intermediates. 
In 2009, Banwell and coworkers recognized the potential utility of dihydrodiol 1.40, derived from 
bromobenzene (1.39), for the synthesis of multiple natural products.29 Diol 1.40 was a key building block 
in the syntheses of both (+)-panepophenanthrin (1.41) and (+)-hexacyclinol (1.42). Finally, the oxidized 
product 1.44, derived from toluene (1.43), was key for setting up the secondary alcohol in (–)-
deoxydihydrotsugicoline (1.45).30 Aside from these examples, MAO products have been key building 
blocks for the synthesis of aminocyclitol compounds, including conduramine A and Amaryllidaceae 
alkaloids, among others (vide infra, Chapters 1.7, 2.3, and 2.4). 27 
While these dihydrodiol compounds have found use in many total syntheses, and the production of 
certain derivatives has been accomplished on large scale,31 the intermediates themselves are quite acid 





of specialized enzymes for this biocatalytic transformation, the accessibility of this reaction is limited for 
many organic chemists. Thirdly, the use of enzymes produces single enantiomers, which can sometimes 
result in the synthesis of enantiomers of target molecules. 
1.2. Dearomatization using arene-arenophile photocycloaddition. 
1.2.1. Reaction design and underlying concept. Our research group was interested in developing an 
alternative dearomative functionalization methodology that could open the door to new, controlled reactions 
of simple arene rings. The underlying concept of the methodology would be to use visible-light mediated 
photocycloaddition to induce dearomatization. Advantages of such an approach would be three-fold: first, 
the use of visible light would broaden the functional group compatibility of this process by not interfering 
with motifs that are sensitive to UV wavelengths. Second, excitation of the arene nucleus, which also 
requires UV irradiation, is known to produce the products of ortho- and meta- cycloadditions (vide supra); 
by exciting the other cycloaddend in the reaction, para-periselectivity could be achieved. Finally, with 
formal [4+2] cycloaddition occurring between the two components, two isolated olefin motifs in the arene 
substrate would be generated, providing an opportunity for the well-studied area of olefin chemistry to be 
merged with this dearomatization process. We termed the non-arene cycloaddends in this proposed 
photocycloaddition “arenophiles”, in analogy to the classical “dienophile” of Diels–Alder chemistry. 
Specifically, accomplishing a para-photocycloaddition of this type between an arene (1.1) and arenophile 
1.46 would afford a bicyclic intermediate 1.47 (Scheme 1.8). As mentioned above, formation of this 
intermediate would isolate two double bonds in the structure.  
 





Importantly, if X and Y are heteroatoms, formation of this intermediate would also result in 
incorporation of heteroatom functionality during the dearomatization step. Trapping intermediate 1.47 with 
chemistry drawn from the arsenal of alkene functionalization would give functionalized bicycle 1.48. An 
additional benefit of having heteroatom-based arenophiles is that there are multiple options for further 
transformations of this intermediate. First, cycloreversion of the arenophile would give the product of net 
functionalization of one double bond in the starting material (i.e.,1.49); alternatively, cleavage of the 
heteroatom-heteroatom bond in the arenophile would give tetrafunctionalized cyclohexene product 1.50. 
1.2.2. Electronic requirements for arenophile reactivity. For this cycloaddition to be feasible, certain 
electronic requirements would need to be met (Scheme 1.9).  
 
Scheme 1.9. Mechanistic consideration for achieving arene-arenophile cycloaddition. 
The HOMO-LUMO gap of the arenophile (1.46) would need to small enough such that visible light 
excitation would be possible, and it also needs to span across the HOMO energetic level of the arene 1.1. 
After excitation to form 1.51, this orbital arrangement would allow for either electron transfer to occur (i.e. 
formation of ion pair 1.52) or for formation of charge transfer complex 1.53;32 through either of these 
mechanistic pathways, the resulting molecular orbitals of the two components would allow for formation 





1.2.3. Prior reports of arenophile-like reactivity. Prior to our exploration of arenophile chemistry, 
photocycloadditions of arenes with heteroatom-containing small molecules had been observed by Sheridan 
and coworkers in the 1980s (Scheme 1.10).33 In 1984, Sheridan reported formation of a Diels–Alder type 
product (1.56) after white light irradiation of a solution of 4-methyl-1,2,4-triazoline-3,5-dione (MTAD, 
1.55) and naphthalene (1.54) at 18 °C.  
 
Scheme 1.10. Cycloaddition of MTAD with naphthalene by Sheridan and coworkers. 
While this product was somewhat stable, it cycloreverted to the two components upon heating or 
standing for extended periods. It was not until five years later, in 1989, that Sheridan and coworkers reported 
the same type of reactivity with benzene (1.20) as the aromatic substrate (Scheme 1.11).34 Irradiation of a 
solution of 1.55 and benzene at temperatures less than –60 °C resulted in alkene peaks in the 1H NMR 
spectrum that indicated a symmetrical 1:1 benzene-MTAD cycloadduct (1.57); however, this cycloadduct 
could not be isolated, as it rapidly decomposed upon warming to –10 °C. (Bis)-MTAD adduct 1.58, formed 
in the presence of excess MTAD via a second cycloaddition reaction, was stable and could be isolated by 
recrystallization. Sheridan and coworkers performed initial mechanistic studies on the reaction between 
MTAD and naphthalene.33b Through these studies, they found that the reaction quantum yield was solvent 
dependent, and that the quantum yield was not dependent on the concentration of MTAD in solution. 
 





Additionally, the use of the triplet sensitizer biacetyl facilitated the reaction. These results imply that the 
reaction can occur through both singlet and triplet pathways with respect to the excited state of MTAD. By 
examining the effect of the concentration of naphthalene in solution on the reaction, they discovered that 
the reaction occurs through a charge-transfer complex at higher naphthalene concentrations, and that direct 
excitation of this complex can also result in formation of the cycloadduct. However, no mechanistic studies 
were done on the analogous cycloaddition with benzene, and much remains to be determined about the 
course of this reaction.  
1.2.4. Evaluation of potential arenophile compounds. Although MTAD (1.55) had previously been 
shown to exhibit arenophile-like activity, we pursued alternative arenophiles to see if other similar small 
molecules could be utilized in this reaction (Scheme 1.12).  
 
Scheme 1.12. Calculated frontier orbitals for alternative arenophile molecules. 
The frontier orbitals of these potential arenophiles were calculated and were found to be appropriate in 
terms of their energetics.35 The arenophiles 1.59–1.63 were synthesized and tested; however, the instability 
of these compounds, or the corresponding cycloadducts, made them difficult to manipulate. In some cases, 
the arenophiles themselves were not stable in the requisite oxidation state and had to be oxidized in situ. 







1.3. Dearomative dihydroxylation with arenophiles.  
We decided to explore dihydroxylation as the first olefin transformation to attempt on arene-
arenophile adduct 1.64 because of the high value dihydrodiol derivatives 1.66 it would produce after 
cycloreversion from dihydroxylated intermediate 1.65 (Scheme 1.13). In addition, by cleaving the N–N 
bond in 1.65, aminocyclitol compounds 1.67 could be accessed.  
 
Scheme 1.13. Overall reaction scheme for dearomative dihydroxylation with MTAD as the arenophile. 
Aside from microbial arene oxidation, there were no direct chemical syntheses of dihydrodiols 1.66 in the 
literature. While the benzene dihydrodiol acetonide 1.69 had been synthesized in a four-step process from 
1,4-cyclohexadiene 1.68 (yield not given), this approach was not general and required a non-aromatic 
starting material (Scheme 1.14). 36 Therefore, we aimed to achieve a chemical dearomative dihydroxylation 
that could be applied to a broader scope and could be achieved directly from arene precursors.  
 
Scheme 1.14. Chemical synthesis of benzene dihydrodiol acetonide. 
1.3.1. Optimization of benzene-MTAD cycloaddition conditions. We therefore began the optimization 
of the desired dearomative functionalization. First, several light sources were examined for accomplishing 
this transformation, including fluorescent bulbs, colored LED diodes, and white LED diodes. Of these, the 
white LED diodes proved to be the most effective; the absorption maximum of MTAD (1.55) is 514 nm.33 





external light sources were utilized; by submerging encapsulated LED diodes in cold baths, the optimal 
balance between light exposure and temperature was achieved (Scheme 1.15).  
 
Scheme 1.15. Example pictures of cryogenic photochemistry setup. 
The conversion of the cycloaddition could be monitored by observation of the color of the solution; the 
characteristic pink hue of the arenophile dissipates throughout the course of the reaction, and a clear solution 
results upon complete consumption (Scheme 1.16).  
 
Scheme 1.16. Change of solution color on formation of arene-arenophile cycloadduct. 
A number of solvents were examined as media for the cycloaddition reaction. As triazolinediones 
are known to abstract hydrogen atoms from ethers and undergo formal C–H amination,37 ethereal solvents 
such as THF and diethyl ether were incompatible with the cycloaddition. The choice of solvent was also 
limited by the melting point; for example, while acetonitrile was compatible with MTAD, it has a melting 
point of –44 °C and was therefore not a viable solvent for the reaction. Within these limitations, however, 
the cycloaddition reaction was found to occur in acetone, CH2Cl2, EtOAc, and EtCN. The ratio of MTAD 





of two MTAD molecules reacting with benzene, was found to be a significant impurity when the reaction 
was run with one equivalent of benzene.34   
1.3.2. Dihydroxylation reaction optimization. After finding conditions that allowed for cycloaddition to 
occur, reaction parameters for trapping of the corresponding cycloadduct intermediate were examined 
(Table 1.1).  
Table 1.1. Optimization of dihydroxylation of MTAD cycloadduct under Upjohn conditions. 
 
While the dihydroxylation of alkenes is an extremely well-studied area of synthetic organic 
chemistry, the use of catalytic osmium for dihydroxylation of olefins at cryogenic temperatures was scarce 
in the literature.38 In fact, only stoichiometric osmylations were reported at temperatures below –10 °C.39 
Therefore, we needed to examine the feasibility of accomplishing this transformation at the temperatures 
necessary for persistence of the arene-arenophile adduct. We explored the use of additives which are known 
to accelerate the rate of reaction, either by acting as ligands or as reagents for turning over the osmate ester. 





efficient dihydroxylation.40 While methanesulfonamide (MsNH2) was the additive of choice in their report, 
we found that the addition of p-toluenesulfonamide (TsNH2), in combination with 5 mol% OsO4, 
stoichiometric (1.2 equivalents) of N–methylmorpholine N–oxide (NMO), and acetone as the solvent, gave 
the highest (74% NMR yield, 56% isolated) yield of the desired product 1.70a (Entry 1). Attempts to 
improve this yield were unsuccessful: increasing the amount of osmium(VIII) oxide or NMO did not 
improve the yield of the diol product (Entries 2 and 3). Varying the amount of sulfonamide also did not 
have a beneficial effect (Entries 4 and 5). The use of alternative additives, such as citric acid (Entry 6)41 or 
a Sharpless Asymmetric Dihydroxylation ligand (Entry 7), was unproductive.38  
Upjohn dihydroxylations are frequently run in solvent quantities of water; however, excess water 
was incompatible with the temperatures necessary for this reaction. Therefore, a balance had to be found 
between preventing water from freezing out of solution and having enough water to let the reaction proceed 
at a reasonable rate. Examining different molar equivalents of water revealed that 20 equivalents were 
optimal; increasing or decreasing the amount of water decreased the yield (Entries 8 and 9). Alternate 
solvents, such as butanone, mixtures of dichloromethane and acetonitrile, or propionitrile, were examined, 
but due to the issues with water incorporation mentioned above they did not improve the reaction (Entries 
10 and 11). As described previously, decreasing the amount of benzene in the reaction resulted in formation 
of byproducts; this phenomenon is reflected in the decreased yields with 2 or 5 equivalents of benzene 
(Entries 12 and 13). Solvent quantities of benzene resulted in freezing of the reaction medium and 
inefficient cycloaddition. The temperature utilized for the dihydroxylation process also seemed to have a 
large effect on the reaction outcome; finding a balance between cycloreversion and sluggish reaction rates 
was challenging. The optimal temperature regime for this process was a slow increase of temperature from 
–78 to 0 °C over the course of 8 hours. Running the reaction at warmer temperatures (e.g. –20 °C or –10 
°C) resulted in competitive cycloreversion and decreased yield (Entries 14 and 15).  
The use of an anhydrous dihydroxylation process would alleviate the challenges associated with 
aqueous conditions at cold temperatures. Therefore, we examined reaction conditions reported by 





The use of boronic acids as the turnover reagent for osmium and the source of the hydroxyl motifs in the 
product obviates the need for water in the reaction and allows for the use of dichloromethane as the solvent. 
While phenylboronic acid was employed by Narasaka and coworkers in their report, we found that the 
product of reaction with n-butylboronic acid was easier to separate during purification. Thus, reaction with 
catalytic OsO4 and stoichiometric NMO in the presence of n-butylboronic acid afforded boronic ester 1.71a 
in 65% yield. Using the same conditions, the corresponding phenylboronic ester 1.72 could be isolated in 
33% yield.   
 
Scheme 1.17. Dihydroxylation of benzene cycloadduct under Narasaka conditions. 
1.3.3. Exploration of dearomative dihydroxylation scope for benzene derivatives. The optimized 
conditions for this reaction in hand, we turned our efforts toward the evaluation of the scope of the reaction 
(Scheme 1.18). Mononuclear arenes with alkyl (1.70b and 1.70c), silyl (1.70d), ester (1.70e-g, 1.70j), 
protected carbonyl (1.70h and 1.70i) and halide (1.70k, 1.70l, 1.70m) functionality were well tolerated 
under the reaction conditions. In contrast to dearomative reductions,7 benzylic functionality (e.g. 1.70e, 
1.70f, 1.70h, 1.70i, and 1.70l) was retained in the products of this dearomative dihydroxylation. In some 
cases, it was necessary to use the Narasaka variant of the reaction to achieve useful yields, due to the 
inefficiency of the aqueous conditions. While the stability and rate of formation for each cycloadduct were 
not individually quantified, we observed that more electron deficient arenes, such as bromobenzene, 
required longer reaction times for cycloaddition and gave lower yields of the product overall, suggesting 
that the cycloadducts formed with such arenes were less persistent. In all cases, the products were isolated 
as single constitutional and relative diastereomers. The anti-relationship of the amine and hydroxyl 
functionality is expected; previous reports of functionalization of bicyclic structures with heteroatom 





cycloaddition with respect to substituents on the aromatic substrate is not well-precedented and will require 
further study to elucidate. 
 
Scheme 1.18. Dearomative dihydroxylation of mono-substituted arenes via arenophile cycloaddition. 
1.3.4. Alternative and incompatible substrates for dearomative dihydroxylation. Aside from these 
substrates, other mono-substituted arenes were compatible with the reaction but were not pursued due to 
incompatibility with further steps, low yield, or redundancy for the substrate scope (Scheme 1.19). For 
example, toluene and ethylbenzene proved to be problematic, due to the propensity of triazolinediones to 
abstract benzylic C–H bonds, but both could be dihydroxylated to form 1.70n and 1.71o, respectively.37  
 





Chlorobenzene, like bromobenzene, could also be dihydroxylated to form 1.70p and 1.71p, but the 
decreased electron density of the aryl ring resulted in low yield. Orthoester products 1.70q and 1.71q, 
analogous to the acetal and ketal functionality in 1.70h and 1.70i, could also be acquired from methyl 
benzoate orthoester; however, attempts to protect the diol in this compound as the acetonide (vide infra) 
resulted in deprotection to the ester product, which was not compatible with the cycloreversion conditions. 
While many mono-substituted benzene derivatives were successfully functionalized using this method, 
some mononuclear arenes evaluated proved not to be viable substrates (Scheme 1.20).  
 
Scheme 1.20. Selected incompatible mono-substituted benzene derivatives. 
Benzene rings with directly conjugated electron-withdrawing functionality, e.g., methyl benzoate (1.73), 
N-phenylphthalimide (1.74), methyl(sulfinyl)benzene (1.75), and phenylnitrile (1.76), were not compatible. 
Phenols and anisole derivatives have been previously shown to react with triazolinediones, particularly 
MTAD, in a thermal or acid-catalyzed fashion via electrophilic aromatic substitution.37 Thus, phenol 
derivatives, including anisole (1.77) and phenyl mesylate (1.78), were unproductive in the reaction. TIPS-
protected benzyl alcohol (1.79) and N–phenylacetamide (1.80) failed, as did phenylacetylene (1.81) and 
methyl cinnamate (1.82).  
 





A range of polysubstituted mononuclear arenes (e.g., 1.83–1.90) did not give the desired dehydroxylated 
products, despite having differing steric and electronic properties (Scheme 1.21). 
1.3.5. Dearomative dihydroxylation of naphthalene. We also explored the cycloaddition of naphthalene 
with MTAD (Scheme 1.22). The formation of the Naphthalene-MTAD cycloadduct 1.56 is more favorable, 
and the adduct itself more stable (vide supra); therefore, the ratio of arene to MTAD could be decreased for 
these reactions to 2.0:1. 
 
Scheme 1.22. Optimized conditions for naphthalene dearomative dihydroxylation. 
The dihydroxylation of this substrate was much more efficient, due to the persistence of the cycloadduct at 
0 °C. Reaction screening for this substrate class resulted in optimized conditions for naphthalene 
dihydroxylation utilizing citric acid as an additive, affording the desired compound 1.91a in 82% yield.41 
 
Scheme 1.23. Polynuclear substrates for dearomative dihydroxylation. 
1.3.6. Scope of dearomative dihydroxylation for polynuclear arenes. Additional substituted 





reaction, resulting in compounds with functional handles on the remaining aromatic ring (Scheme 1.23). 
Amines were tolerated (1.91e), as well as protected carbonyl functionality (1.91f). We observed selectivity 
when a substrate contained a pendant phenyl ring appended to the naphthalene core; the naphthalene portion 
was functionalized preferentially (1.91g). Heterocycles could be tolerated, as exemplified by the products 
from 2-(naphthalen-2-yl)pyridine (1.91h) and acridine (1.91i). Phenanthrene was selectively functionalized 
at the terminal ring (1.91j). In the abovementioned cases, only the products of functionalization of the 
unsubstituted ring of the polynuclear aromatic core were obtained, as single constitutional and relative 
diastereomers. The structure of 1.91a was confirmed by X-ray crystallography (Scheme 1.24).  
 
Scheme 1.24. X-ray structure for dihydroxylated naphthalene product 1.91a. 
1.4. Arenophile cycloreversion for dihydrodiol synthesis.  
1.4.1. Attempts at thermal cycloreversion. The desired cycloaddition and trapping accomplished, we 
turned our sights toward the cleavage of the arenophile motif to access valuable dihydrodiol and 
diaminodiol derivatives of the parent arene compounds. The first set of target product were the dihydrodiols, 
as these are only directly accessed through microbial arene oxidation. The retro-Diels–Alder reaction of 
triazolinediones had been previously studied, mostly using N-phenyltriazolinedione.45 However, thermal 
cycloreversion of MTAD from the dihydroxylated product proved to be challenging. Efforts to cyclorevert 
the arenophile in 1.71a by heating in dichlorobenzene, with either DBU or furan as trapping agents, at 185 
°C resulted in decomposition; increasing the temperature to 250 °C in the presence of BHT did not afford 






Scheme 1.25. Attempts at dihydrodiol synthesis via thermal urazole retro-cycloaddition. 
1.4.2. Acetonide protection of dihydroxylated intermediates. Initial explorations into cycloreversion of 
the arenophile utilized the boronic ester product 1.71a. We recognized that cycloreversion of the free diol 
1.70a would afford the dihydrodiol 1.21; benzene dihydrodiols of this type are known to be unstable and 
will rearomatize readily under acidic conditions (vide supra). 
 





However, the potential reactivity of the boronic ester under the conditions for cycloreversion prompted us 
to explore other protecting group motifs. Specifically, we decided to use the acetonide (dimethyl ketal) 
protecting group as a means of stabilizing our dihydrodiols. The protection of diols 1.70 to acetonides 1.93 
was accomplished utilizing 2,2-dimethoxypropane in the presence of catalytic p-toluenesulfonic acid 
monohydrate (TsOH•H2O) and dichloromethane as the solvent, affording high yields in all cases (Scheme 
1.26).  A crystal structure of the acetonide 1.93a proved the relative stereochemistry with respect to 
dihydroxylation (Scheme 1.27).  
 
Scheme 1.27. X-ray structure of acetonide-protected diol 1.93a. 
1.4.3. Protecting group exchange for synthesis of acetonide from boronic ester product. For some 
substrates, use of the Narasaka conditions for dihydroxylation was necessary to obtain high yields. 
Therefore, deprotection conditions for the cleavage of the boronic ester were examined; the use of 
hydrolytic (e.g. aqueous KHF2) or oxidative conditions (e.g. NaOH/H2O2 in THF) resulted in poor 
conversion or decomposition of the starting material. As an alternative, transesterification was utilized to 
reveal the free diol. Thus, using pinacol and catalytic DMAP, the boronic ester 1.71a could be transformed 
to the corresponding diol 1.70a in synthetically useful yield (Scheme 1.28).  
 





While this two-step process was useful, we wanted to examine a one-pot process for accomplishing this 
transformation. To this end, transesterification under the above-described conditions, followed by the 
addition of 2,2-dimethoxypropane and p-toluenesulfonic acid and reheating, gave the desired acetonide 
1.93a in a single step.  
 
Scheme 1.29. One-pot procedure for acetonide synthesis from the boronic ester. 
1.4.4. Cycloreversion via urazole cleavage and oxidation. As an alternative to unsuccessful thermal 
cycloreversion, we explored the cleavage of the urazole in 1.94 to the bicyclic hydrazine 1.95, to access the 
dihydrodiol derivative by extrusion of molecular nitrogen after oxidation to the diazene 1.96 (Scheme 1.30). 
Hydrolysis of urazoles had previously been described under basic conditions.46 KOH, NaOH, hydrazine, 
and sodium tert-butoxide were evaluated as bases for hydrolysis in water, alcohol, and DMSO as solvents. 
While opening of the urazole ring was achieved in most cases, only KOH in iso-propanol or neat hydrazine 
afforded the desired fully hydrolyzed compound.  
 
Scheme 1.30. Hydrolysis of urazole and oxidation for arenophile cycloreversion. 
Oxidation of the bicyclic hydrazine under air was observed, but was very slow, taking multiple days to 
reach reasonable conversion. To promote formation of the diazene intermediate, oxidants such as O2, CuCl2, 
MnO2, and NiO2 were examined, both on boronic ester product 1.70a and acetonide product 1.93a. Only 
CuCl2 afforded the desired products; the acetonide starting material was chosen as the precursor for 
cycloreversion due to increased stability of 1.69. The optimized one-pot process for this reaction was 





solution of CuCl2 to form the diazene copper complex.34 Liberation of the diene product through addition 
of aqueous ammonium hydroxide gave the acetonide dihydrodiol 1.69 in 77% yield (Scheme 1.31).   
 
Scheme 1.31. Synthesis of benzene dihydrodiol acetonide. 
1.4.5. Scope of cycloreversion and dihydrodiol synthesis. The overall process for arenophile 
cycloreversion proved to be compatible with the functionality tolerated in the dearomatization step (Scheme 
1.32).  
 
Scheme 1.32. Synthesis of dihydrodiols via urazole hydrolysis and oxidation. 
Thus, the functionalized dihydrodiols could be accessed in synthetically useful yields. However, the highly 
basic conditions for urazole cleavage resulted in transformation of esters into their corresponding alcohol 
and carboxylic acid components (e.g. 1.98e, 1.98f, 1.98g, and 1.98j). 
1.5. Diaminodiol synthesis. 
1.5.1. Conditions for arenophile N–N cleavage in mononuclear arene products. Fragmentation of the 





important biologically active molecules. We therefore studied the cleavage of the N–N bond in hydrazine 
1.99 (Scheme 1.33). 
 
Scheme 1.33. Hydrazine protection and N-N cleavage for diaminodiol synthesis. 
Installation of electron-withdrawing protecting groups onto the nitrogen atoms was examined to facilitate 
the reduction step. After hydrolysis under the previously developed conditions, trifluoroacetylation, 
acetylation, benzoylation, and benzyloxycarbonylation of 1.99 were pursued under various conditions. 
Trifluoroacetylation and benzyloxycarbonylation were challenging, but benzoylation was accomplished in 
a one-pot procedure by adding benzoyl chloride to the urazole cleavage reaction (Scheme 1.34). While 
titanium(III) chloride and dissolving metal reduction (e.g. Na/NH3 or Li/NH3 in THF) failed to cleave the 
N–N bond in 1.102, samarium(II) iodide in THF with methanol as a proton source afforded the desired 
product 1.103a in 57% yield over two steps.47 
 
Scheme 1.34. Synthesis of benzene-derived diaminodiol compound. 
1.5.2. Scope of diaminodiol derivatives from mononuclear arenes. Using the above conditions, the 
acetonide compounds 1.93 could be transformed into the diaminodiol products 1.103 (Scheme 1.35). Just 
as for the dihydrodiol derivatives, the reaction conditions proved to be general for the products obtained 
via the dearomative reaction. However, the product 1.103l, possessing an allylic amine, was derived from 
1.93l, the product of dearomatization of benzyl chloride. For this compound, hydrazinolysis of the urazole, 





with hydrazine. Cleavage of the N–N bond in this compound resulted in the formation of allylic amine 
1.103l. 
 
Scheme 1.35. Synthesis of diaminodiols via cleavage of the arenophile N–N bond. 
1.5.3. Diaminodiol synthesis from polynuclear arene diols. For the dihydroxylated products derived from 
naphthalene and higher-order aromatic systems, cycloreversion was possible, but it was not pursued on 
account of the instability of the dihydrodiol products. The fragmentation of the N–N bonds in these 
compounds was achieved using hydrogenolysis conditions (Scheme 1.36). While these conditions were 
avoided for the benzene-derived substrates, due to the potential for reduction of the alkene in the products, 
they proved to be applicable for the higher order aromatic substrates. Platinum(II) oxide, palladium on 
carbon, and Raney nickel were tested as catalysts for the reduction of the N–N bond; while PtO2 and Pd/C 
gave mixed results or poor conversion, and were dependent on careful selection of additives, the use of 






Scheme 1.36. Diaminodiol compounds derived from higher-order aromatic systems. 
With optimal conditions in hand, the generality of diaminodiol synthesis was tested. Importantly, 
the reaction conditions tolerated the presence of aryl bromides and chlorides (1.104b-d) and amines 
(1.104e), as well as a ketone dimethyl acetal (1.104f). In this way, tetrafunctionalized diaminodiol 
derivatives of substituted naphthalenes and other polynuclear substrates were accessed in two steps from 
the parent arene compound.  
1.6. Complementary selectivity of dearomative dihydroxylation with arenophiles.  
The orthogonality of this method with other known dearomative processes, including microbial 
arene oxidation (vide supra) and Birch reduction, is demonstrated by the selectivity exhibited in product 
formation. As mentioned previously, microbial arene oxidation generally gives the 2,3-dihydroyxlated 
product 1.29 with respect to the substituent on benzene derivatives and the products 1.31 and 1.105 from 
naphthalene derivatives (Scheme 1.37).23 Dearomative dihydroxylation with arenophiles, on the other hand, 
provides products 1.98 from monosubstituted arenes, and 1.104 from higher order aromatic systems. The 
complementary nature of this process to other dearomatizations is also apparent in the tolerance for sensitive 






Scheme 1.37. Orthogonality of regioselectivity with microbial oxidation. 
1.7. Applications of arenophile-mediated dihydroxylation to small molecule synthesis.  
Arene dihydrodiols are important building blocks for organic synthesis. To highlight the utility of 
the compounds accessed through dearomative dihydroxylation, we conducted short syntheses of valuable 
small molecules (Scheme 1.38). The first of which was conduramine A (1.107), which is a synthetic 
derivative of conduritol A, and is part of a family of aminocyclitols with antibiotic and glucosidase inhibitor 
activity.49 There have been nine previous syntheses of this molecule, using MAO products,50,51 chiral pool 
sugars,52 phenolic oxidation products,53 pyrrole,54 tartaric acid,55 cyclohexene dibenzoates,56 or 1,3-
oxazines.57 These syntheses have ranged from five to 13 steps in length. 
We accessed (±)-conduramine A via a one-pot cycloreversion-nitroso-Diels–Alder reaction. 
Hydrazinolysis of the urazole in acetonide 1.93a, followed by reaction with Troc-protected hydroxylamine 
and CuCl as an oxidant accomplished simultaneous formation of the diazene and acyl nitroso. Subsequent 
extrusion of nitrogen and hetero-Diels–Alder reaction resulted in bicyclic N–O containing compound 1.106. 
Cleavage of the N–O bond in 1.106 and removal of the Troc group were accomplished in one step with 
zinc metal and acetic acid. Finally, removal of the acetonide under acidic conditions gave (±)-conduramine 





MK7607 (1.109), a bacterial natural product, has attracted interest in recent years due to its 
herbicidal activity.58 While 1.109 can be extracted from bacterial cultures, a number of strategies for 
synthesizing this compound have emerged; there have been five total syntheses (between 6 and 16 steps in 
length). Previous MK7607 syntheses have relied on carbasugar starting materials,59,60 tartaric acid,61 
norbornene derivatives,62 or shikimic acid;63 our strategy for accessing this molecule began from benzyl 
acetate-derived dihydrodiol 1.98e. The TBS protection of the allylic alcohol, followed by dihydroxylation 
with OsO4 gave tetrol 1.108. Global deprotection under acidic conditions afforded the desired product (±)-
MK-7607 (1.109) in six steps from benzyl acetate. 
 
Scheme 1.38. Synthesis of biologically active small molecules from products of dearomative dihydroxylation. 
Phomentrioloxin, a fungal natural product, has shown to have phytotoxic and growth inhibitory 
activity against weeds and aquatic plants.64 Produced in nature by Phomopsis sp., it has also been 
synthesized from the MAO product of iodobenzene in seven steps.65 We used the bromobenzene-derived 
acetonide 1.98m as a starting point for accessing the desmethylated analogue 1.112 of this metabolite. To 





fragment 1.111 under palladium catalysis, followed by acidic cleavage of the acetonide gave 1.112 in 6 
steps from bromobenzene. 65  
1.8. Conclusion.  
Overall, we have developed a selective and controlled process for the dearomative dihydroxylation of 
simple aromatic compounds. Using a key visible light-mediated photocycloaddition, dearomatization and 
olefin chemistry can be merged to access a wide array of functionalized dihydrodiol and diaminodiol 
derivatives of benzene, naphthalene, and other arenes. This method is significantly milder compared to 
known technologies for dearomatization and allows for the access of complementary products which do 
not have alternative direct synthetic routes. We have used this method to access small molecule targets of 
biological interest, and generated building blocks that have general applications to the field of total 
synthesis.  
1.9. Experimental section. 
1.9.1. General experimental. Unless otherwise noted, all reactions were carried out under an ambient 
atmosphere. Unless otherwise noted, chemicals were purchased from commercial suppliers and used as 
received. MTAD was prepared based on the literature procedures66,67 and was resublimed before the use. 
Solvents were purified and dried using a solvent purification system that contained activated alumina. 
Analytical thin-layer chromatography was performed on Merck silica gel 60 F254 glass plates. Visualization 
was accomplished with UV light and/or potassium permanganate (KMnO4), ninhydrin, or ceric ammonium 
molybdate (CAM) solutions. Retention factor (Rf) values reported were measured using a 5 × 2 cm TLC 
plate in a developing chamber containing the solvent system described. Flash column chromatography was 
performed using Silicycle SiliaFlash® P60 (SiO2, 40-63 μm particle size, 230-400 mesh).  
1H and 13C NMR spectra were recorded on Varian Unity Inova 400 (400 MHz, 1H; 100 MHz, 13C) 
or 500 (500 MHz, 1H; 126 MHz, 13C) MHz spectrometers. Spectra are referenced to residual chloroform (δ 
= 7.26 ppm, 1H; 77.16 ppm, 13C) or residual methanol (δ = 3.31 ppm, 1H; 49.0 ppm, 13C). Chemical shifts 
are reported in parts per million (ppm). Multiplicities are indicated by s (singlet), d (doublet), t (triplet), q 





Mass spectrometry (MS) was performed by the University of Illinois Mass Spectrometry 
Laboratory. Electron Impact (EI+) spectra were performed at 70 eV using methane as the carrier gas, with 
time-of-flight (TOF) mass analyzer. Chemical Ionization (CI+) spectra were performed with methane 
reagent gas, with either a double focusing sector field (DFSF) or time-of-flight (TOF) mass analyzer. 
Electrospray Ionization (ESI+) spectra were performed using a time-of-flight (TOF) mass analyzer. Data 
are reported in the form of m/z (intensity relative to the base peak = 100). 
Infrared spectra were measured neat on a Perkin-Elmer spectrum BX FT-IR spectrometer. Peaks 
are reported in cm−1 with indicated relative intensities: s (strong, 0–33% T); m (medium, 34–66% T), w 
(weak, 67–100% T), and br (broad). 
Melting points were measured on a Buchi B-540 meting point apparatus and are uncorrected.  
1.9.2.  General procedure A for the in situ dihydroxylation of photocycloadducts (Condition A). 
 
A solution of N-methyl-1,2,4-triazole-3,5-dione (MTAD, 1.55, 56.5 mg, 0.5 mmol, 1.0 equiv.) and arene 
(5.0 mmol, 10 equiv.) in acetone (5.0 mL) was irradiated with LED lights at −78 °C under a nitrogen 
atmosphere. Upon decolorization, LED lights were turned off and a solution of p-toluenesulfonamide 
(102.7 mg, 0.60 mmol, 1.2 equiv.), osmium tetroxide (0.125 mL, 0.2 m solution in acetonitrile, 0.025 mmol, 
5.0 mol%), water (180 µL, 10 mmol, 20 equiv.), and 4-methylmorpholine N-oxide (70.3 mg, 0.60 mmol, 
1.2 equiv.) in acetone (0.5 mL) was added dropwise. The reaction was slowly warmed to 0 °C over the 
course of 8 hours. After that, the reaction was quenched with saturated aq. Na2S2O3 solution (3 mL) and 
diluted with EtOAc (10 mL). The layers were separated, and the aqueous layer was extracted with EtOAc 
(3 × 10 mL). The organic layers were dried with MgSO4, filtered, and concentrated. The product was 





 Synthesis of 1.70a: Following the general procedure A, the title compound was isolated by flash 
chromatography (SiO2, hexanes:EtOAc = 1:2) as a white solid (63.1 mg, 0.28 mmol, 56%). 
Rf = 0.17 (SiO2, hexanes:EtOAc = 1:2, UV + KMnO4) 
m.p. = 173–175 °C  
1H NMR (500 MHz, Methanol-d4) δ 6.43 (dd, J = 4.1, 3.0 Hz, 2H), 4.83 – 4.77 (m, 2H), 4.24 (dd, J = 1.9, 
1.4 Hz, 2H), 2.96 (s, 3H). 
13C NMR (126 MHz, Methanol-d4) δ 158.8, 130.6, 67.2, 55.4, 25.7. 
HRMS (ESI-TOF, m/z) calcd. For C9H12N3O4 [M+H]+ calc.: 226.0828 ; found: 226.0822 
IR (ATR, neat, cm-1): 3461 (br w), 3385 (br w), 2954 (w), 2932 (w), 2860 (w), 1763 (m), 1715 (s), 1460 
(m), 1392 (m), 1200 (m), 1108 (w), 1076 (m), 1047 (m). 
 Synthesis of 1.70b: Following the general procedure A, the title compound was isolated by 
flash chromatography (SiO2, hexanes:EtOAc = 1:2) as a colorless amorphous solid (52.1 mg, 0.19 mmol, 
39%). 
Rf = 0.13 (SiO2, hexanes:EtOAc = 1:2, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) δ 5.97 (d, J = 5.9 Hz, 1H), 4.85 (dd, J = 5.9, 3.4 Hz, 1H), 4.81 (dd, J = 3.6, 
1.6 Hz, 1H), 4.35 (td, J = 7.3, 5.8, 3.6 Hz, 1H), 4.35 – 4.27 (m, 1H), 2.99 (s, 3H), 2.36 (pd, J = 6.9, 1.6 Hz, 
1H), 1.05 (t, J = 6.9 Hz, 6H). 
13C NMR (126 MHz, CDCl3) δ 157.3, 156.8, 150.2, 117.9, 66.1, 66.0, 56.0, 53.9, 32.0, 25.7, 20.6, 20.5. 
HRMS (ESI-TOF, m/z) calcd. for C12H18N3O4  [M+H]+ calc.: 268.1297; found: 268.1290 
IR (ATR, neat, cm-1): 3405 (br s), 2962 (w), 2933 (w), 2877 (w), 1765 (m), 1689 (s), 1456 (s), 1395 (m), 





 Synthesis of 1.70c: Following the general procedure A, the title compound was isolated by 
flash chromatography (SiO2, hexanes:EtOAc = 1:2) as a white solid (98.5 mg, 0.35 mmol, 70%). 
Rf = 0.25 (SiO2, hexanes:EtOAc = 1:2, UV + KMnO4) 
m.p. = 132–134 °C 
1H NMR (500 MHz, CDCl3) δ 6.02 (dd, J = 5.9, 2.2 Hz, 1H), 4.97 (t, J = 3.6, 2.2 Hz, 1H), 4.85 (ddd, J = 
5.9, 3.4, 1.0 Hz, 1H), 4.36 – 4.31 (m, 1H), 4.31 – 4.25 (m, 1H), 3.51 (br s, 2H), 2.98 (s, 3H), 1.06 (s, 9H). 
13C NMR (126 MHz, CDCl3) δ 156.9, 156.1, 152.7, 117.5, 66.1, 65.7, 54.4, 53.5, 33.1, 28.5, 25.7. 
HRMS (ESI-TOF, m/z) calcd. For C13H20N3O4 [M+H]+ calc.: 282.1454; found: 282.1452. 
IR (ATR, neat, cm-1): 3452 (br s), 3418 (br s), 2967 (w), 2985 (w), 1767 (m), 1695 (s), 1628 (w), 1467 (m), 
1446 (m), 1394 (m), 1363 (w), 1265 (w), 1213 (m), 1112 (w), 1066 (m). 
 Synthesis of 1.70d: Following the general procedure A, the title compound was isolated 
by flash chromatography (SiO2, hexanes:EtOAc = 1:2) as a pale green solid (93.7 mg, 0.32 mmol, 63%). 
Rf = 0.16 (SiO2, hexanes:EtOAc = 5:1, UV and KMnO4) 
m.p. = 159–161 °C 
1H NMR (500 MHz, CDCl3) δ 6.61 (ddd, J = 5.4, 1.5, 0.7 Hz, 1H), 4.93 (dd, J = 3.3, 1.5 Hz, 1H), 4.86 (dd, 
J = 5.4, 3.3 Hz, 1H), 4.41 – 4.30 (m, 2H), 2.99 (s, 3H), 0.12 (s, 9H). 
13C NMR (126 MHz, CDCl3) δ 157.3, 156.9, 145.7, 136.1, 65.9, 65.6, 55.6, 53.8, 25.7, -2.6. 
HRMS (ESI-TOF, m/z) calcd. for C12H20N3O4Si [M+H]+ calc.: 298.1223; found: 298.1214 
IR (ATR, neat, cm-1): 3425 (br w), 2947 (w), 2890 (w), 1764 (m), 1694 (s), 1586 (w), 1468 (m), 1448 (m), 
1393 (m), 1246 (w), 1217 (w), 1075 (m), 1060 (m).  
 Synthesis of 1.70e: Following the general procedure A, the title compound was isolated 





Rf = 0.14 (SiO2, hexanes:EtOAc = 1:2, KMnO4) 
1H NMR (500 MHz, CDCl3) δ 6.32 – 6.25 (m, 1H), 4.90 (dd, J = 5.7, 3.4 Hz, 1H), 4.83 (dd, J = 3.7, 1.8 
Hz, 1H), 4.68 (dd, J = 13.8, 1.8 Hz, 1H), 4.59 (dd, J = 13.8, 1.3 Hz, 2H), 4.39 – 4.34 (m, 1H), 4.34 – 4.29 
(m, 1H), 3.73 (s, 1H), 3.60 (s, 1H), 2.98 (s, 3H), 2.09 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 171.3, 157.6, 157.4, 138.4, 123.8, 65.9, 65.7, 63.9, 54.9, 53.8, 25.8, 21.0. 
HRMS (ESI-TOF, m/z) calcd. For C12H16N3O6 [M+H]+ calc.: 298.1039; found: 298.1039 
IR (ATR, neat, cm-1): 3418 (br s), 3025 (w), 2933 (w), 1768 (w), 1739 (m), 1693 (s), 1455 (m), 1394 (m), 
1375 (m), 1219 (s), 1062 (m), 1033 (m), 970 (w), 937 (w). 
 Synthesis of 1.70f: Following the general procedure A, the title compound  was isolated 
by flash chromatography (SiO2, hexanes:EtOAc = 1:2) as an off-white foam (92.7 mg, 0.28 mmol, 57%). 
Rf = 0.2 (SiO2, hexanes:EtOAc = 1:2, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) δ 6.25 (dd, J = 5.8, 2.1 Hz, 1H), 4.97 (dd, J = 3.5, 2.1 Hz, 1H), 4.94 (dd, J = 
5.8, 3.4 Hz, 1H), 4.33 (td, J = 7.3, 3.4 Hz, 1H), 4.31 – 4.25 (m, 1H), 3.66 (d, J = 7.4 Hz, 1H), 3.31 (d, J = 
5.2 Hz, 1H), 2.97 (s, 3H), 2.00 (s, 3H), 1.57 (s, 3H), 1.47 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 171.4, 157.3, 157.0, 145.1, 122.0, 78.7, 66.4, 65.9, 54.1, 53.3, 27.6, 25.6, 
25.0, 22.4. 
HRMS (ESI-TOF, m/z) calcd. For C14H19N3O6Na [M+Na]+ calc.: 348.1172; found: 348.1166. 
IR (ATR, neat, cm-1): 3417 (br s), 2991 (w), 2928 (w), 1767 (m), 1694 (s), 1457 (m), 1394 (m), 1368 (m), 
1242 (m), 1131 (m), 1108 (w), 1076 (m). 
 Synthesis of 1.70g: Following the general procedure A, the title compound was isolated 
by flash chromatography (SiO2, hexanes:EtOAc = 1:2) as an off-white solid (54.5 mg, 0.18 mmol, 35%). 
Rf = 0.23 (SiO2, hexanes:EtOAc = 1:2, KMnO4) 





1H NMR (500 MHz, CDCl3) δ 6.11 – 6.05 (m, 1H), 4.85 (dd, J = 5.7, 3.4 Hz, 1H), 4.78 (dd, J = 3.6, 2.0 
Hz, 1H), 4.35 (td, J = 7.0, 5.7, 3.6 Hz, 1H), 4.30 (td, J = 7.0, 6.4, 3.4 Hz, 1H), 4.21 (dt, J = 11.1, 6.4 Hz, 
1H), 4.16 (dt, J = 11.1, 6.6 Hz, 1H), 3.59 (d, J = 5.6 Hz, 1H), 3.37 (d, J = 5.6 Hz, 1H), 3.00 (s, 3H), 2.51 
(tt, J = 6.6, 1.5 Hz, 2H), 2.02 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 171.3, 157.5, 157.3, 140.1, 123.0, 66.0, 65.9, 61.5, 56.9, 54.1, 33.7, 25.8, 
21.0. 
HRMS (ESI-TOF, m/z) calcd. For C13H18N3O6 [M+H]+ calc.: 312.1196; found: 312.1190. 
IR (ATR, neat, cm-1): 3491 (w), 3381 (br w), 2982 (w), 2923 (w), 1775 (m), 1736 (s), 1690 (s), 1457 (m), 
1418 (m), 1384 (m), 1322 (w), 1235 (s), 1208 (m), 1072 (m). 
 Synthesis of 1.70h: Following the general procedure A, the title compound was isolated 
by flash chromatography (SiO2, hexanes:EtOAc = 1:2) as an off-white foam (34.3 mg, 0.12 mmol, 23%). 
Rf = 0.20 (SiO2, hexanes:EtOAc = 1:2, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) δ 6.40 (ddd, J = 5.9, 1.9, 1.1 Hz, 1H), 4.99 (dd, J = 3.8, 1.9 Hz, 1H), 4.95 (dd, 
J = 5.9, 3.4 Hz, 1H), 4.69 (d, J = 1.1 Hz, 1H), 4.34 (dt, J = 7.0, 3.8 Hz, 1H), 4.24 (dt, J = 7.0, 3.4 Hz, 1H), 
3.52 (dd, J = 12.9, 5.5 Hz, 2H), 3.36 (s, 3H), 3.33 (s, 3H), 2.99 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 156.9, 156.6, 138.5, 126.1, 101.7, 66.3, 65.4, 55.0, 54.6, 53.3, 53.2, 25.8. 
HRMS (ESI-TOF, m/z) calcd. For C12H17N3O6Na [M+Na]+ calc.: 322.1015; found: 322.1014. 
IR (ATR, neat, cm-1): 3406 (br s), 2937 (w), 2834 (w), 1768 (m), 1693 (s), 1454 (m), 1394 (m), 1260 (w), 
1196 (m), 1159 (w), 1073 (s), 1038 (s). 
 Synthesis of 1.70i: Following the general procedure A, the title compound was isolated 
by flash chromatography (SiO2, hexanes:EtOAc = 1:2) as an off-white foam (90.9 mg, 0.29 mmol, 58%). 





1H NMR (500 MHz, CDCl3) δ 6.35 (ddd, J = 5.9, 1.9, 0.9 Hz, 1H), 5.06 (dd, J = 3.7, 1.9 Hz, 1H), 4.96 (dd, 
J = 5.9, 3.5 Hz, 1H), 4.34 (td, J = 7.0, 5.1, 3.7 Hz, 1H), 4.25 (t, J = 7.0, 3.5 Hz, 1H), 3.52 (dd, J = 9.6, 5.0 
Hz, 2H), 3.20 (s, 3H), 3.13 (s, 3H), 2.98 (s, 3H), 1.39 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 156.8, 156.4, 142.3, 124.3, 99.4, 66.1, 65.8, 53.6, 53.1, 49.6, 49.4, 25.7, 
22.1. 
HRMS (ESI-TOF, m/z) calcd. for C13H19N3O6Na [M+Na]+ calc.: 336.1172; found: 336.1167. 
IR (ATR, neat, cm-1): 3416 (br s), 3069 (w), 3003 (w), 2928 (w), 1768 (m), 1695 (s), 1615 (w), 1455 (s), 
1394 (s), 1209 (m), 1143 (w), 1077 (m), 1044 (m), 1023 (m).  
 Synthesis of 1.70j: Following the general procedure A, the title compound was isolated 
by flash chromatography (SiO2, hexanes:EtOAc = 1:2) as an off-white foam (109.0 mg, 0.34 mmol, 67%). 
Rf = 0.16 (SiO2, hexanes:EtOAc = 1:2, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) δ 6.24 (dd, J = 5.8, 2.2 Hz, 1H), 5.00 (dd, J = 3.6, 2.2 Hz, 1H), 4.92 (dd, J = 
5.8, 3.5 Hz, 1H), 4.66 (d, J = 5.9 Hz, 1H), 4.32 (td, J = 7.2, 5.9, 3.6 Hz, 1H), 4.24 – 4.15 (m, 1H), 3.69 (s, 
3H), 2.96 (s, 3H), 1.37 (s, 3H), 1.32 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 177.2, 156.8, 156.1, 144.8, 123.1, 66.1, 65.6, 54.9, 53.4, 53.3, 45.4, 25.8, 
25.2, 23.8. 
HRMS (ESI-TOF, m/z) calcd. For C14H20N3O6 [M+H]+ calc.: 326.1352; found: 326.1346 
IR (ATR, neat, cm-1): 3419 (br s), 2995 (w), 2952 (w), 1767 (m), 1694 (s), 1455 (m), 1393 (m), 1255 (m), 
1214 (m), 1146 (m), 1108 (w), 1077 (m). 
 Synthesis of 1.70k: Following the general procedure A, the title compound was isolated 
by flash chromatography (SiO2, hexanes:EtOAc = 1:2) as an off-white foam (93.1 mg, 0.29 mmol, 59%). 





m.p. = 175–177 °C (decomposition) 
1H NMR (500 MHz, CDCl3) δ 6.15 (dd, J = 6.0, 2.2 Hz, 1H), 4.93 (dd, J = 6.0, 3.1 Hz, 1H), 4.91 (dd, J = 
3.4, 2.2 Hz, 1H), 4.39 – 4.31 (m, 2H), 3.53 (d, J = 11.1 Hz, 1H), 3.40 (d, J = 11.1 Hz, 1H), 2.97 (s, 3H), 
2.96 (s, 1H), 2.82 (s, 1H), 1.18 (d, J = 1.7 Hz, 6H). 
13C NMR (126 MHz, CDCl3) δ 157.4, 156.9, 146.5, 122.5, 66.3, 65.8, 53.9, 53.5, 52.8, 38.4, 25.8, 24.5, 
23.8. 
HRMS (ESI-TOF, m/z) calcd. For C13H19N3O4Cl [M+H]+ calc.: 316.1064; found: 316.1060. 
IR (ATR, neat, cm-1): 3517 (w), 3396 (br s), 2926 (w), 2867 (w), 1758 (m), 1694 (s), 1464 (m), 1397 (m), 
1268 (w), 1228 (m), 1181 (m), 1110 (w), 1078 (m), 1063 (m). 
 Synthesis of 1.70l: Following the general procedure A, the title compound was isolated by 
flash chromatography (SiO2, hexanes:EtOAc = 1:2) as an off-white foam (60.2 mg, 0.22 mmol, 44%). 
Rf = 0.26 (SiO2, hexanes:EtOAc = 1:2, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) δ 6.37 (dd, J = 5.9, 2.0 Hz, 1H), 4.93 (dd, J = 5.9, 3.4 Hz, 1H), 4.89 (dd, J = 
3.7, 2.0 Hz, 1H), 4.43 – 4.37 (m, 1H), 4.37 – 4.31 (m, 1H), 4.16 – 4.06 (m, 2H), 3.67 – 3.59 (m, 2H), 3.00 
(s, 3H). 
13C NMR (126 MHz, CDCl3) δ 157.1, 156.8, 139.1, 124.5, 65.9, 65.8, 55.7, 53.6, 43.6, 25.9. 
HRMS (ESI-TOF, m/z) calcd. For C10H13N3O4Cl [M+H]+ calc.: 274.0595; found: 274.0589. 
IR (ATR, neat, cm-1): 3406 (br s) 2934 (w), 2253 (w), 1767 (m), 1694 (s), 1458 (m), 1395 (m), 1265 (w), 
1209 (m), 1076 (m), 1039 (m), 1011 (w), 950 (w), 909 (m). 
 Synthesis of 1.70m: Following the general procedure A, the title compound was isolated by 
flash chromatography (SiO2, hexanes:EtOAc = 1:2) as an off-white foam (36.5 mg, 0.12 mmol, 24%). 





1H NMR (500 MHz, Chloroform-d) δ 6.60 (dd, J = 6.1, 2.2 Hz, 1H), 5.04 (dd, J = 3.8, 2.2 Hz, 1H), 4.94 
(dd, J = 6.1, 3.5 Hz, 1H), 4.46 (t, J = 6.9, 3.5 Hz, 1H), 4.32 (dq, J = 6.9, 3.8 Hz, 1H), 3.79 (s, 1H), 3.63 (s, 
1H), 3.04 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 157.2, 157.0, 128.3, 119.2, 66.8, 65.6, 61.7, 55.8, 26.1. 
HRMS (ESI-TOF, m/z) calcd. For C9H11N3O4Br [M+H]+ calc.: 303.9933; found: 303.9924. 
IR (ATR, neat, cm-1): 3405 (br s), 3082 (w), 3008 (w), 2926 (w), 1769 (m), 1691 (s), 1602 (m), 1457 (s), 
1394 (s), 1268 (w), 1201 (m), 1076 (m), 1047 (m). 
1.9.3. General procedure B for the in situ dihydroxylation of photocycloadducts (Conditions B). 
 
A solution of N-methyl-1,2,4-triazole-3,5-dione (MTAD, 1.55, 56.5 mg, 0.5 mmol, 1.0 equiv.) and arene 
(5.0 mmol, 10 equiv.) in dichloromethane (5.0 mL) was irradiated with LED lights at −78 °C under a 
nitrogen atmosphere. Upon decolorization, LED lights were turned off and a solution of n-butylboronic 
acid (56.1 mg, 0.55 mmol, 1.1 equiv.), 4-methylmorpholine N-oxide (64.4 mg, 0.55 mmol, 1.1 equiv.), and 
osmium tetroxide (0.125 mL, 0.2 m solution in dichloromethane, 0.025 mmol, 5.0 mol%) in 
dichloromethane (0.5 mL) was added dropwise. The reaction was slowly warmed to 0 °C over the course 
of 8 hours. After that, the reaction was quenched with saturated aq. Na2S2O3 solution (3.0 mL) and diluted 
with EtOAc (10 mL). Layers were separated, and the aqueous layer extracted with EtOAc (3 × 10 mL). The 
organic layers were washed with water (20 mL) and brine (20 mL), dried with MgSO4, filtered, and 
concentrated. The product was purified by flash chromatography (SiO2, hexanes:EtOAc mixtures). 
 Synthesis of 1.71a: Following the general procedure B, the title compound was isolated by 
flash chromatography (SiO2, hexanes:EtOAc = 3:1) as a clear oil (94.6 mg, 0.33 mmol, 65%). 





1H NMR (500 MHz, CDCl3) δ 6.36 (dd, J = 4.1, 3.1 Hz, 2H), 5.07 – 4.99 (m, 2H), 4.79 (dd, J = 2.4, 1.5 
Hz, 2H), 3.00 (s, 3H), 1.34 – 1.19 (m, 4H), 0.84 (t, J = 7.1 Hz, 3H), 0.73 (t, J = 7.5 Hz, 2H). 
13C NMR (126 MHz, CDCl3) δ 157.2, 128.9, 74.1, 52.0, 25.7, 25.6, 25.1, 13.7, 9.6. 
HRMS (ESI-TOF, m/z) calcd. For C13H19BN3O4 [M+H]+ calc.: 292.1469; found: 292.1470 
IR (ATR, neat, cm-1) 2956 (w), 2930 (w), 2867 (w), 1777 (m), 1711 (s), 1603 (w), 1456 (m), 1370 (m), 
1292 (w), 1276 (w), 1234 (w), 1212 (m), 1186 (s), 1036 (s). 
 Synthesis of 1.71b: Following the general procedure B, the title compound was 
isolated by flash chromatography (SiO2, hexanes:EtOAc = 3:1) as a clear oil (46.6 mg, 0.14 mmol, 28%). 
Rf = 0.39 (SiO2, hexanes:EtOAc = 3:1, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) δ 5.89 (dt, J = 5.9, 1.5, 0.8 Hz, 1H), 4.97 (dd, J = 5.9, 3.8 Hz, 1H), 4.94 (dd, 
J = 4.0, 2.0 Hz, 1H), 4.79 (dd, J = 7.1, 4.0 Hz, 1H), 4.75 (ddd, J = 7.1, 3.8, 0.8 Hz, 1H), 3.00 (s, 3H), 2.32 
(heptd, J = 6.8, 1.5 Hz, 1H), 1.35 – 1.20 (m, 4H), 1.02 (dd, J = 6.8, 2.0 Hz, 6H), 0.85 (t, J = 7.0 Hz, 3H), 
0.73 (dd, J = 7.9, 6.8 Hz, 2H). 
13C NMR (126 MHz, CDCl3) δ 157.4, 157.0, 149.2, 117.5, 74.4, 74.4, 54.6, 52.3, 31.9, 25.9, 25.7, 25.4, 
20.5, 20.4, 13.9, 9.9. 
HRMS (ESI-TOF, m/z) calcd. For C16H25BN3O4 [M+H]+ calc.: 334.1938; found: 334.1937. 
IR (ATR, neat, cm-1): 2959 (w), 2930 (w), 2873 (w), 1778 (m), 1710 (s), 1636 (w), 1453 (m), 1383 (m), 
1343 (w), 1265 (w), 1224 (m), 1185 (m), 1045 (m), 938 (w). 
 Synthesis of 1.71c: Following the general procedure B, the title compound was 
isolated by flash chromatography (SiO2, hexanes:EtOAc = 5:1) as a clear oil (48.6 mg, 0.14 mmol, 28%). 
Rf = 0.25 (SiO2, hexanes:EtOAc = 5:1, UV+ KMnO4) 





1H NMR (500 MHz, Chloroform-d) (500 MHz, Chloroform-d) δ 5.96 (dt, J = 6.0, 2.1, 0.8 Hz, 1H), 5.11 
(dd, J = 4.1, 2.1 Hz, 1H), 4.98 (dd, J = 6.0, 3.8 Hz, 1H), 4.80 (dd, J = 7.2, 4.1 Hz, 1H), 4.74 (ddd, J = 7.2, 
3.8, 0.8 Hz, 1H), 2.99 (s, 3H), 1.34 – 1.20 (m, 4H), 1.03 (s, 9H), 0.85 (t, J = 7.0 Hz, 3H), 0.72 (td, J = 7.4, 
2.1 Hz, 2H). 
13C NMR (126 MHz, CDCl3) δ 156.9, 156.2, 151.7, 116.9, 74.3, 74.2, 52.8, 51.7, 33.0, 28.2, 25.7, 25.5, 
25.3, 13.7, 9.8. 
HRMS (ESI-TOF, m/z) calcd. For C17H27BN3O4 [M+H]+ calc.: 348.2095; found: 348.2094. 
IR (ATR, neat, cm-1): 2959 (w), 2930 (w), 2872 (w), 1785 (m), 1713 (s), 1627 (w), 1452 (m), 1367 (s), 
1341 (w), 1280 (m), 1227 (m), 1204 (m), 1188 (s), 1033 (m). 
 Synthesis of 1.71d: Following the general procedure B, the title compound was 
isolated by flash chromatography (SiO2, hexanes:EtOAc = 5:1) as a clear oil (32.6 mg, 0.09 mmol, 18%). 
Rf = 0.16 (SiO2, hexanes:EtOAc = 5:1, UV and KMnO4) 
m.p. = 76–78 °C 
1H NMR (500 MHz, CDCl3) δ 6.52 (dt, J = 5.4, 1.9, 0.8 Hz, 1H), 5.05 (dd, J = 3.6, 1.5 Hz, 1H), 4.98 (dd, 
J = 5.4, 3.6 Hz, 1H), 4.81 – 4.76 (m, 2H), 2.99 (s, 3H), 1.35 – 1.17 (m, 4H), 0.85 (t, J = 7.1 Hz, 3H), 0.71 
(td, J = 7.4, 2.0 Hz, 2H), 0.10 (s, 9H). 
13C NMR (126 MHz, CDCl3) δ 157.3, 156.9, 145.1, 135.1, 74.1, 73.9, 53.8, 52.1, 25.8, 25.6, 25.3, 13.8, -
2.8. 
HRMS (ESI-TOF, m/z) calcd. For C16H27BN3O4Si [M+H]+ calc.: 364.1864; found: 364.1869. 
IR (ATR, neat, cm-1): = 2959 (w), 2926 (w), 2859 (w), 1782 (m), 1714 (s), 1583 (w), 1456 (m), 1377 (m), 
1364 (s), 1334 (w), 1257 (m), 1224 (m), 1193 (m), 1179 (m), 1030 (s). 
 Synthesis of 1.71e: Following the general procedure B, the title compound was 





Rf = 0.14 (SiO2, hexanes:EtOAc = 3:1, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) δ 6.20 (dd, J = 5.7, 1.3 Hz, 1H), 5.04 (dd, J = 5.7, 3.8 Hz, 1H), 4.99 (dd, J = 
4.0, 2.0 Hz, 1H), 4.82 (dd, J = 7.1, 4.0 Hz, 1H), 4.78 (dd, J = 7.1, 3.8 Hz, 1H), 4.58 – 4.55 (m, 2H), 2.99 
(s, 3H), 2.08 (s, 3H), 1.35 – 1.11 (m, 4H), 0.85 (t, J = 7.0 Hz, 4H), 0.73 (t, J = 7.5 Hz, 2H). 
13C NMR (126 MHz, CDCl3) δ 170.5, 157.6, 157.4, 137.8, 122.9, 74.3, 74.2, 63.3, 53.3, 52.3, 25.9, 25.8, 
25.3, 20.8, 13.9, 9.7. 
HRMS (ESI-TOF, m/z) calcd. For C16H23N3O6B [M+H]+ calc.: 364.1680; found: 364.1676. 
IR (ATR, neat, cm-1): = 2956 (w), 2931 (w), 2872 (w), 1779 (m), 1744 (m), 1710 (s), 1452 (m), 1382 (m), 
1218 (s), 1040 (s), 941 (w), 914 (w), 854 (w). 
 Synthesis of 1.71f: Following the general procedure B, the title compound was 
isolated by flash chromatography (SiO2, hexanes:EtOAc = 3:1) as a clear oil (86.1 mg, 0.22 mmol, 44%). 
Rf = 0.23 (SiO2, hexanes:EtOAc = 3:1, UV + KMnO4) 
m.p. = 87–89 °C 
1H NMR (500 MHz, CDCl3) δ 6.17 (ddd, J = 6.0, 2.1, 0.9 Hz, 1H), 5.10 (dd, J = 4.1, 2.1 Hz, 1H), 5.06 (dd, 
J = 6.0, 3.8 Hz, 1H), 4.81 (dd, J = 7.2, 4.1 Hz, 1H), 4.76 (ddd, J = 7.2, 3.8, 0.9 Hz, 1H), 2.97 (s, 3H), 1.98 
(s, 3H), 1.56 (s, 3H), 1.38 (s, 3H), 1.34 – 1.19 (m, 4H), 0.85 (t, J = 7.1 Hz, 3H), 0.73 (dq, J = 8.3, 3.1 Hz, 
2H). 
13C NMR (126 MHz, CDCl3) δ 170.4, 157.3, 157.2, 144.2, 120.6, 77.8, 74.5, 74.4, 52.5, 51.5, 27.5, 25.9, 
25.6, 25.4, 24.3, 22.4, 13.9. 
HRMS (ESI-TOF, m/z) calcd. For C18H26N3O6BNa [M+Na]+ calc.: 414.1812; found: 414.1807 
IR (ATR, neat, cm-1): = 2957 (w), 2927 (w), 2873 (w), 1767 (m), 1734 (m), 1713 (s), 1462 (m), 1385 (m), 





 Synthesis of 1.71g: Following the general procedure B, the title compound was 
isolated by flash chromatography (SiO2, hexanes:EtOAc = 2:1) as a clear oil (79.2 mg, 0.21 mmol, 42%). 
Rf = 0.27 (SiO2, hexanes:EtOAc = 2:1, UV + KMnO4) 
1H NMR (500 MHz, Chloroform-d) δ 6.01 (dt, J = 5.8, 2.0, 0.8 Hz, 1H), 4.99 (dd, J = 5.8, 3.9 Hz, 1H), 
4.94 (dd, J = 4.1, 2.0 Hz, 1H), 4.81 (dd, J = 7.1, 4.1 Hz, 1H), 4.76 (ddd, J = 7.1, 3.9, 0.8 Hz, 1H), 4.22 – 
4.06 (m, 2H), 3.01 (s, 3H), 2.51 (dddd, J = 15.6, 7.9, 6.1, 1.5 Hz, 1H), 2.43 (dtd, J = 15.6, 5.7, 1.6 Hz, 1H), 
2.02 (s, 3H), 1.35 – 1.19 (m, 4H), 0.86 (t, J = 7.0 Hz, 3H), 0.74 (t, J = 7.5 Hz, 2H). 
13C NMR (126 MHz, CDCl3) δ 170.7, 157.5, 157.3, 139.7, 122.0, 74.4, 74.3, 61.2, 55.4, 52.5, 33.5, 25.9, 
25.8, 25.4, 21.0, 13.9, 9.8. 
HRMS (ESI-TOF, m/z) calcd. For C17H25N3O6B [M+H]+ calc.: 378.1836; found: 378.1827. 
IR (ATR, neat, cm-1): = 2956 (w), 2930 (w), 2871 (w), 1777 (m), 1710 (s), 1453 (m), 1382 (m), 1365 (m), 
1226 (s), 1039 (s), 938 (w), 914 (w), 895 (w). 
 Synthesis of 1.71h: Following the general procedure B, the title compound was 
isolated by flash chromatography (SiO2, hexanes:EtOAc = 3:1) as a clear oil (111.3 mg, 0.31 mmol, 61%). 
Rf = 0.16 (SiO2, hexanes:EtOAc = 3:1, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) δ 6.32 (dt, J = 5.8, 1.5, 0.8 Hz, 1H), 5.11 (dd, J = 3.9, 1.9 Hz, 1H), 5.09 (dd, 
J = 5.8, 3.8 Hz, 1H), 4.81 (dd, J = 7.1, 3.9 Hz, 1H), 4.78 (ddd, J = 7.1, 3.8, 0.8 Hz, 1H), 4.73 (d, J = 1.5 Hz, 
1H), 3.29 (s, 3H), 3.23 (s, 3H), 2.99 (s, 3H), 1.33 – 1.20 (m, 4H), 0.85 (t, J = 7.0 Hz, 3H), 0.73 (t, J = 7.5 
Hz, 2H). 
13C NMR (126 MHz, CDCl3) δ 157.0, 156.5, 139.3, 124.1, 101.0, 74.4, 74.4, 54.3, 52.9, 52.5, 51.9, 25.9, 
25.8, 25.3, 13.9, 9.9. 





IR (ATR, neat, cm-1): 2956 (w), 2931 (w), 2872 (w), 1780 (m), 1710 (s), 1451 (m), 1383 (m), 1243 (w), 
1223 (m), 1190 (m), 1099 (m), 1044 (s), 1015 (w).  
 Synthesis of 1.71i: Following the general procedure B, the title compound was 
isolated by flash chromatography (SiO2, hexanes:EtOAc = 3:1) as a clear oil (121.3 mg, 0.32 mmol, 64%). 
Rf = 0.21 (SiO2, hexanes:EtOAc = 3:1, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) δ 6.32 (ddd, J = 6.0, 2.0, 0.9 Hz, 1H), 5.22 (dd, J = 4.0, 2.0 Hz, 1H), 5.10 (dd, 
J = 6.0, 3.8 Hz, 1H), 4.80 (dd, J = 7.2, 4.0 Hz, 1H), 4.76 (ddd, J = 7.2, 3.8, 0.9 Hz, 1H), 3.11 (s, 3H), 3.02 
(s, 3H), 2.97 (s, 3H), 1.30 (s, 3H), 1.30 – 1.18 (m, 4H), 0.84 (t, J = 7.0 Hz, 3H), 0.71 (td, J = 8.0, 7.5, 2.5 
Hz, 2H). 
13C NMR (126 MHz, CDCl3) δ 156.4, 156.0, 142.7, 123.2, 99.2, 74.4, 74.1, 52.4, 51.5, 49.0, 48.8, 25.6, 
25.5, 25.2, 23.2, 13.7, 9.9. 
HRMS (ESI-TOF, m/z) calcd. For C17H26N3O6NaB [M+Na]+ calc.: 402.1812; found: 402.1801. 
IR (ATR, neat, cm-1): = 2955 (w), 2872 (w), 1779 (m), 1710 (s), 1415 (m), 1383 (s), 1245 (w), 1223 (w), 
1188 (m), 1145 (w), 1108 (w), 1082 (w), 1045 (s), 1027 (s). 
 Synthesis of 1.71j: Following the general procedure B, the title compound was 
isolated by flash chromatography (SiO2, hexanes:EtOAc = 3:1) as an off-white solid (150.6 mg, 0.39 mmol, 
77%). 
Rf = 0.24 (SiO2, hexanes:EtOAc = 3:1, UV + KMnO4) 
m.p. = 88–90 °C 
1H NMR (500 MHz, CDCl3) δ 6.12 (ddd, J = 6.0, 2.2, 0.8 Hz, 1H), 5.18 (dd, J = 4.1, 2.2 Hz, 1H), 5.04 (dd, 
J = 6.0, 3.8 Hz, 1H), 4.79 (dd, J = 7.1, 4.1 Hz, 1H), 4.74 (ddd, J = 7.1, 3.8, 0.8 Hz, 1H), 3.65 (s, 3H), 3.00 





13C NMR (126 MHz, CDCl3) δ 174.1, 156.8, 156.1, 145.2, 120.8, 74.4, 74.2, 53.1, 52.8, 51.6, 45.5, 25.8, 
25.7, 25.4, 24.4, 23.6, 13.9, 9.8. 
HRMS (ESI-TOF, m/z) calcd. For C18H27BN3O6 [M+H]+ calc.: 392.1993; found: 392.1994 
IR (ATR, neat, cm-1): = 2959 (w), 2933 (w), 2860 (w), 1781 (m), 1735 (m), 1708 (s), 1631 (w), 1453 (m), 
1384 (m), 1368 (m), 1258 (m), 1223 (m), 1199 (s), 1144 (s), 1034 (m). 
 Synthesis of 1.71k: Following the general procedure B, the title compound was 
isolated by flash chromatography (SiO2, hexanes:EtOAc = 3:1) as a clear oil (114.5 mg, 0.30 mmol, 60%). 
Rf = 0.39 (SiO2, hexanes:EtOAc = 3:1, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) δ 6.07 (ddd, J = 6.1, 2.2, 0.8 Hz, 1H), 5.04 (dd, J = 6.1, 3.8 Hz, 1H), 5.02 (dd, 
J = 4.1, 2.2 Hz, 1H), 4.81 (dd, J = 7.2, 4.1 Hz, 1H), 4.76 (ddd, J = 7.2, 3.8, 0.8 Hz, 1H), 3.54 (d, J = 11.2 
Hz, 1H), 3.33 (d, J = 11.2 Hz, 1H), 2.97 (s, 3H), 1.36 – 1.20 (m, 4H), 1.14 (s, 3H), 1.13 (s, 3H), 0.85 (t, J 
= 7.0 Hz, 3H), 0.74 (td, J = 7.7, 7.2, 2.0 Hz, 2H). 
13C NMR (126 MHz, CDCl3) δ 157.2, 157.0, 145.1, 121.8, 74.2, 74.0, 52.3, 52.1, 51.8, 38.3, 25.8, 25.6, 
25.3, 24.6, 23.3, 13.7, 9.8. 
HRMS (ESI-TOF, m/z) calcd. For C17H26N3O4ClB [M+H]+ calc.: 382.1705; found: 382.1702 
IR (ATR, neat, cm-1): = 2956 (w), 2930 (w), 2872 (w), 1777 (m), 1707 (s), 1630 (w), 1455 (m), 1383 (m), 
1368 (m), 1278 (w), 1222 (m), 1188 (m), 1045 (m), 1001 (w). 
 Synthesis of 1.71l: Following the general procedure B, the title compound was 
isolated by flash chromatography (SiO2, hexanes:EtOAc = 3:1) as a clear oil (108.6 mg, 0.32 mmol, 64%). 





1H NMR (500 MHz, CDCl3) δ 6.29 (dq, J = 5.8, 2.1, 1.6, 0.8 Hz, 1H), 5.07 (dd, J = 5.8, 3.8 Hz, 1H), 5.00 
(dd, J = 4.0, 2.1 Hz, 1H), 4.84 (dd, J = 7.1, 4.0 Hz, 1H), 4.80 (ddd, J = 7.3, 3.8, 0.8 Hz, 1H), 4.05 (d, J = 
1.6 Hz, 2H), 3.01 (s, 3H), 1.35 – 1.14 (m, 4H), 0.85 (t, J = 7.0 Hz, 3H), 0.74 (t, J = 7.5 Hz, 2H). 
13C NMR (126 MHz, CDCl3) δ 157.3, 157.0, 138.6, 123.5, 74.3, 74.2, 54.3, 52.3, 43.0, 25.9, 25.9, 25.3, 
13.9, 9.7. 
HRMS (ESI-TOF, m/z) calcd. for C14H20BClN3O4 [M+H]+ calc.: 340.1235; found: 340.1225. 
IR (ATR, neat, cm-1): = 2956 (w), 2929 (w), 2871 (w), 1779 (m), 1709 (s), 1453 (m) 1383 (m), 1343 (w), 
1277 (m), 1242 (m), 1221 (m), 1184 (m), 1041 (m). 
 Synthesis of 1.71m: Following the general procedure B, the title compound was isolated 
by flash chromatography (SiO2, hexanes:EtOAc = 3:1) as an off-white solid (74.0 mg, 0.2 mmol, 40%). 
Rf = 0.25 (SiO2, hexanes:EtOAc = 3:1, UV + KMnO4) 
m.p. = 87–89 C 
1H NMR (500 MHz, CDCl3) δ 6.51 (dd, J = 6.1, 2.2 Hz, 1H), 5.17 (dd, J = 4.2, 2.2 Hz, 1H), 5.07 (dd, J = 
6.1, 3.9 Hz, 1H), 4.87 (dd, J = 7.0, 4.2 Hz, 1H), 4.76 (dd, J = 7.0, 3.9 Hz, 1H), 3.04 (s, 3H), 1.38 – 1.22 (m, 
4H), 0.86 (t, J = 7.1 Hz, 3H), 0.79 (t, J = 7.5 Hz, 2H). 
13C NMR (126 MHz, CDCl3) δ 157.0, 156.7, 127.3, 127.3, 118.5, 74.9, 74.8, 73.9, 73.8, 60.0, 59.9, 54.2, 
54.1, 25.9, 25.8, 25.7, 25.1, 13.8, 9.5. 
HRMS (ESI-TOF, m/z) calcd. For C13H18BN3O4Br [M+H]+ calc.: 370.0574; found: 370.0570 
IR (ATR, neat, cm-1) 2956 (w), 2930 (w), 2867 (w), 1777 (m), 1711 (s), 1603 (w), 1456 (m), 1370 (m). 






A solution of N-methyl-1,2,4-triazole-3,5-dione (MTAD, 1.55, 113 mg, 1.0 mmol, 1.0 equiv.) and arene 
(2.0 mmol, 2.0 equiv.) in acetone (10.0 mL) was irradiated with LED lights at −78 °C under a nitrogen 
atmosphere. Upon decolorization, LED lights were turned off and a solution of citric acid (96 mg, 0.5 mmol, 
0.5 equiv.), osmium tetroxide (0.25 mL, 0.2 m solution in acetonitrile, 0.050 mmol, 5.0 mol%) and 4-
methylmorpholine N-oxide (234 mg, 2.0 equiv.) in acetone:water (2:1, 1.5 mL) is added dropwise. The 
reaction is warmed slowly to 0 °C over the course of 8 hours.  The reaction is then quenched with saturated 
aq. Na2S2O3 solution (3.0 mL) and diluted with EtOAc (10 mL). The layers were separated, and the aqueous 
layer extracted with EtOAc (3 × 10 mL). The organic layers were washed with water (20 mL) and brine 
(20 mL), dried with MgSO4, filtered, and concentrated. The product was purified by flash chromatography 
(SiO2, hexanes:EtOAc mixtures). 
 Synthesis of 1.91a: Following the general procedure C, the title compound was isolated by 
flash chromatography (SiO2, hexanes:EtOAc = 1:2) as a colorless solid (226 mg, 0.82 mmol, 82%). 
Rf = 0.20 (SiO2, hexanes:EtOAc = 1:2, KMnO4) 
m.p. = 254–255 ºC 
1H NMR (500 MHz, Methanol-d4) δ 7.39 (dd, J = 5.5, 3.2 Hz, 2H, CH), 7.33 (dd, J = 5.5, 3.2 Hz, 2H, CH), 
5.17 (dd, J = 2.3, 1.4 Hz., 2H. CH), 4.44 (dd, J = 2.3, 1.4 Hz, 2H, CH), 2.78 (s, 3H, CH3). 
13C NMR (126 MHz, Methanol-d4) δ 158.1, 133.3, 130.1, 127.5, 66.8, 59.1, 25.6. 
HRMS (ESI-TOF, m/z) calcd. For C13H14N3O4 [M+H]+ calc.: 276.0984; found: 276.0997. 
IR (ATR, neat, cm-1): 3411 (w), 2929 (w), 1760 (w), 1698 (s), 1460 (m), 1391 (w), 1194 (m), 1065 (w), 
773 (m), 553 (s). 
 Synthesis of 1.91b: Following the general procedure C, the title compound was isolated by 





Rf = 0.20 (SiO2, hexanes:EtOAc = 1:2, KMnO4) 
m.p. = 199–200 ºC 
1H NMR (500 MHz, CDCl3) δ 7.57 (dd, J = 7.9, 1.2 Hz, 1H), 7.38 – 7.13 (m, 4H), 5.72 (d, J = 3.8 Hz, 1H), 
5.18 (d, J = 3.6 Hz, 1H), 4.48 (dd, J = 7.6, 3.8 Hz, 1H), 4.42 (dd, J = 7.6, 3.7 Hz, 1H), 2.85 (s, 3H). 
13C NMR (126 MHz, Methanol-d4) δ 156.8, 156.8, 134.5, 133.3, 132.7, 130.9, 126.1, 122.1, 65.7, 65.6, 
57.7, 56.9, 25.8. 
HRMS (ESI-TOF, m/z) calcd. For C13H13N3O4Br [M+H]+ calc.: 354.0089; found: 354.0102. 
IR (ATR, neat, cm-1): 3506 (w), 3345 (w), 3008 (w), 2950 (w), 1774 (m), 1699 (s), 1457 (m), 1392 (m), 
1217 (m), 1083 (s), 1043 (s), 762 (s), 573 (s). 
 Synthesis of 1.91c: Following the general procedure C, the title compound was isolated 
by flash chromatography (SiO2, hexanes:EtOAc = 1:1 → 1:2) as a colorless solid (201 mg, 0.57 mmol, 
57%). 
Rf = 0.33 (SiO2, hexanes:EtOAc = 1:2, KMnO4) 
m.p. = 286–287 ºC 
1H NMR (500 MHz, CDCl3) δ 7.66 – 7.50 (m, 2H), 7.29 (d, J = 7.9 Hz, 1H), 5.26 – 5.14 (m, 2H), 4.45 (dd, 
J = 2.3, 1.3 Hz, 2H), 2.82 (s, 3H). 
13C NMR (126 MHz, Methanol-d4) δ 158.1, 158.1, 135.5, 133.2, 132.5, 130.5, 129.3, 123.8, 66.7, 66.7, 
58.6, 58.6, 25.6 . 
HRMS (ESI-TOF, m/z) calcd. For C13H13N3O4Br [M+H]+ calc.: 354.0084; found: 354.0079. 
IR (ATR, neat, cm-1): 3354 (w), 2950 (w), 1738 (m), 1703 (s), 1451 (m), 1375 (m), 1207 (s), 1043 (s), 935 





 Synthesis of 1.91d: Following the general procedure C, the title compound was isolated by 
flash chromatography (SiO2, hexanes:EtOAc = 1:1 → 1:2) as a colorless solid (201 mg, 0.57 mmol, 57%). 
Rf = 0.26 (SiO2, hexanes:EtOAc = 1:2, KMnO4) 
m.p. = 231–232 ºC 
1H NMR (500 MHz, Methanol-d4) δ 7.45 (d, J = 1.1 Hz, 1H), 7.36 (dd, J = 8.2, 7.3 Hz, 3H), 7.29 (dt, J = 
7.3, 0.9 Hz, 3H), 5.71 (dd, J = 3.7, 0.6 Hz, 3H), 5.22 (d, J = 3.6 Hz, 3H), 4.79 (s, 106H), 4.51 (dd, J = 7.6, 
3.7 Hz, 3H), 4.45 (dd, J = 7.5, 3.6 Hz, 4H), 2.84 (s, 8H). 
13C NMR (126 MHz, Methanol-d4) δ 157.4, 157.4, 135.0, 132.7, 131.1, 130.8, 130.3, 125.9, 66.2, 66.2, 
58.1, 55.2, 25.8. 
HRMS (ESI-TOF, m/z) calcd. For C13H13N3O4Cl [M+H]+ calc.: 310.0595; found: 313.0598. 
IR (ATR, neat, cm-1): 3346 (w), 1776 (w), 1698 (s), 1461 (s), 1389 (w), 1218 (m), 1083 (m), 1044 (s), 762 
(s), 577 (m). 
 Synthesis of 1.91e: Following the general procedure C, the title compound (391 mg, 0.81 
mmol, 81%) was isolated by flash chromatography (SiO2, hexanes:EtOAc = 4:1 → 2:1 →1:1) as a colorless 
solid. 
Rf = 0.44 (SiO2, hexanes:EtOAc = 1:2, KMnO4) 
m.p. = > 210 °C (decomposition) 
1H NMR (500 MHz, CDCl3) δ 7.65 (d, J = 8.6 Hz, 1H), 7.13 (d, J = 8.6 Hz, 1H), 5.80 (d, J = 3.8 Hz, 1H), 
5.50 (s, 1H, OH), 5.31 (d, J = 3.7 Hz, 1H), 4.49 (dt, J = 7.3, 3.7 Hz, 1H), 4.41 (dt, J = 7.5, 3.8 Hz, 1H), 3.61 





13C NMR (126 MHz, CDCl3) δ 156.7, 156.6, 156.4, 139.1, 134.0, 133.8, 130.7, 128.0, 121.0, 83.2, 65.2, 
64.7, 56.4, 52.3, 38.7, 28.3, 25.7 . 
HRMS (ESI-TOF, m/z) calcd. For C19H23BrN4O6Na [M+Na]+ calc.: 505.0699; found: 505.0699. 
IR (ATR, neat, cm-1): 3397 (w), 2922 (w), 1775 (w), 1713 (s), 1671 (s), 1461 (m), 1364 (m), 1106 (s), 843 
(m), 766 (w). 
Deprotection of 1.91e: A solution of diol 1.91e (100 mg, 0.31 mmol, 1.0 equiv.) was 
stirred in a mixture of trifluoroacetic acid:water (6:1, 1.2 mL) at room temperature for 5 h. The reaction 
solution was diluted with EtOAc (5 mL) and saturated NaHCO3 solution (2.0 mL) was added dropwise at 
0 °C (ice bath). The phases were separated and the aqueous layer was extracted with EtOAc (3 × 5 mL). 
The combined organic layer was washed with water (5 mL), brine (5 mL), dried over MgSO4, and 
concentrated under reduced pressure. The product (118 mg, 0.31 mmol, 99%) was used in the next step 
without further purification. 
1H NMR (500 MHz, Methanol-d4) δ 7.45 (d, J = 8.8 Hz, 1H), 6.73 (d, J = 8.8 Hz, 1H), 5.66 – 5.56 (m, 2H), 
4.51 – 4.37 (m, 3H), 2.85 (s, 3H), 2.84 (s, 3H). 
13C NMR (126 MHz, Methanol-d4) δ 158.1, 157.9, 134.0, 133.8, 121.6, 115.4, 111.2, 110.7, 66.9, 66.6, 
57.9, 53.2, 32.3, 25.7. 
HRMS (ESI-TOF, m/z) calcd. For C14H15BrN4O4 [M+H]+ calc.: 383.0355; found: 383.0352. 
IR (ATR, neat, cm-1): 3357 (w), 2942 (w), 2536 (m), 1750 (m), 1693 (s), 1587 (m), 1468 (s), 1226 (m), 





 Synthesis of 1.91f: Following the general procedure C, the title compound was isolated 
by flash chromatography (SiO2, hexanes:EtOAc = 1:1 → 1:2) as a colorless solid (294 mg, 0.81 mmol, 
81%). 
Rf = 0.23 (SiO2, hexanes:EtOAc = 1:2, KMnO4) 
m.p. = > 270 °C (decomposition) 
1H NMR (500 MHz, CDCl3) δ 7.48 (dd, J = 8.0, 1.3 Hz, 1H), 7.40 (dd, J = 8.0, 7.3 Hz, 1H), 7.33 (dd, J = 
7.3, 1.3 Hz, 1H), 6.12 (d, J = 4.0 Hz, 1H), 5.25 (d, J = 3.6 Hz, 1H), 4.55 (ddd, J = 7.3, 3.6, 3.5 Hz, 1H), 
4.41 (ddd, J = 7.3, 5.5, 3.6 Hz, 1H)), 3.51 (d, J = 3.5 Hz, 1H), 3.48 (s, 3H), 3.12 (s, 3H), 3.11 (d, J = 5.5 
Hz, 1H), 2.87 (s, 3H), 1.72 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 156.4, 155.9, 139.5, 133.2, 129.8, 129.0, 127.1, 127.1, 103.4, 65.8, 65.2, 
57.4, 53.3, 50.2, 49.0, 25.7, 25.7. 
HRMS (ESI-TOF, m/z) calcd. For C17H21N3O6 [M+H]+ calc.: 364.1509: found: 364.1504. 
IR (ATR, neat, cm-1): 3484 (w), 3327 (w), 2923 (w), 1706 (s), 1441 (s), 1386 (m), 1218 (m), 1034 (s), 881 
(s), 495 (m). 
 Synthesis of 1.91g: Following the general procedure C, the title compound was isolated by 
flash chromatography (SiO2, hexanes:EtOAc = 2:1 →1:1) as a colorless solid (123 mg, 0.35 mmol, 35%). 
Rf = 0.38 (SiO2, hexanes:EtOAc = 1:2, KMnO4) 
m.p. = > 250 °C (decomposition) 
1H NMR (500 MHz, Methanol-d4) δ 7.58 – 7.48 (m, 2H), 7.48 – 7.26 (m, 7H), 5.51 (d, J = 3.2 Hz, 1H), 





13C NMR (126 MHz, Methanol-d4) δ 156.8, 156.4, 141.1, 138.8, 132.7, 130.9, 130.0, 129.2, 128.9, 128.7, 
128.1, 126.0, 66.1, 65.6, 58.2, 54.8, 25.7. 
HRMS (ESI-TOF, m/z) calcd. For C17H15N3O4 [M+H]+ calc.: 352.1297; found: 352.1290. 
IR (ATR, neat, cm-1): 3317 (w), 2932 (w), 2470 (w), 1768 (m), 1675 (s), 1456 (s), 1398 (m), 1030 (m), 743 
(m), 701 (s), 521 (m). 
 Synthesis of 1.91h: Following the general procedure F (Step 1), the title compound 
was isolated by flash chromatography (SiO2, hexanes:EtOAc = 2:1 →1:1) as a foam (187 mg, 0.53 mmol, 
53%). 
1H NMR (499 MHz, Methanol-d4) δ 8.61 (dd, J = 5.0, 1.3 Hz, 1H), 8.00 (dd, J = 7.8, 1.8 Hz, 1H), 7.95 (d, 
J = 1.7 Hz, 1H), 7.94 – 7.80 (m, 2H), 7.49 (d, J = 7.8 Hz, 1H), 7.37 (ddd, J = 7.2, 4.9, 1.4 Hz, 1H), 5.38 – 
5.30 (m, 1H), 5.31 – 5.23 (m, 1H), 4.58 – 4.42 (m, 2H), 2.82 (s, 3H). 
 13C NMR (126 MHz, Methanol-d4) δ 158.1, 158.1, 150.5, 139.0, 134.2, 134.0, 128.8, 128.0, 126.1, 124.1, 
122.7, 66.9, 66.9, 59.3, 58.9, 25.6. 
HRMS (ESI-TOF, m/z) calcd. For C18H17N4O4 [M+H]+ calc.: 353.1244; found: 353.1244. 
IR (ATR, neat, cm-1): 3387 (w), 2923 (w), 1695 (s), 1461 (s), 1393 (m), 1203 (m), 1077 (m), 1040 (m), 776 
(m), 562 (m). 
 Synthesis of 1.91i: Following the general procedure C, the title compound was isolated 
by flash chromatography (SiO2, hexanes:EtOAc = 1:1 → 2:1) as a colorless solid (165 mg, 0.51 mmol, 
51%). 
Rf = 0.08 (SiO2, hexanes:EtOAc = 1:2, KMnO4) 





1H NMR (500 MHz, Methanol-d4) δ 8.23 (s, 1H), 8.14 – 8.04 (m, 1H), 7.92 (dd, J = 8.1, 1.4 Hz, 1H), 7.78 
(ddd, J = 8.5, 6.9, 1.5 Hz, 1H), 7.62 (ddd, J = 8.2, 6.9, 1.2 Hz, 1H), 5.53 – 5.40 (m, 2H), 4.64 (dd, J = 7.6, 
4.0 Hz, 1H), 4.56 (dd, J = 7.6, 3.7 Hz, 1H), 4.54 (s, 2H), 2.83 (s, 3H). 
13C NMR (126 MHz, Methanol-d4) δ 156.5, 156.2, 153.1, 148.3, 135.5, 131.3, 129.3, 129.1, 129.0, 128.1, 
125.2, 66.2, 66.0, 59.7, 57.4, 25.9. 
HRMS (ESI-TOF, m/z) calcd. For C16H25N4O4 [M+H]+ calc.: 327.1093; found: 327.1088. 
IR (ATR, neat, cm-1): 2524 (w), 2288 (w), 1773 (w), 1703 (s), 1458 (m), 1445 (m), 1394 (m), 1202 (m), 
763 (s), 480 (s). 
  Synthesis of 1.91j: Following the general procedure C, the title compound was isolated 
by flash chromatography (SiO2, hexanes:EtOAc = 2:1 →1:1) as a colorless solid (163 mg, 0.5 mmol, 50%). 
Rf = 0.27 (SiO2, hexanes:EtOAc = 1:2, KMnO4) 
m.p. = 272–274 ºC 
1H NMR (500 MHz, DMSO-d6) δ 8.20 (d, J = 8.3 Hz, 1H), 7.94 (d, J = 8.0 Hz, 1H), 7.92 (d, J = 8.2 Hz, 
1H), 7.61 (ddt, J = 8.3, 6.9, 1.2 Hz, 1H), 7.54 (ddd, J = 8.0, 6.9, 1.2 Hz, 1H), 7.50 (d, J = 8.2 Hz, 1H), 6.02 
(d, J = 3.7 Hz, 1H), 5.29 (d, J = 3.7 Hz, 1H), 5.03 (dd, J = 5.2, 1.1 Hz, 1H), 4.98 (dd, J = 5.4, 1.1 Hz, 1H), 
4.47 (ddd, J = 8.5, 4.8, 3.7 Hz, 1H), 4.39 (ddt, J = 8.5, 5.0, 3.7 Hz, 1H), 2.61 (s, 3H). 
13C NMR (126 MHz, DMSO-d6) δ 156.6, 156.5, 133.1, 130.0, 129.6, 129.0, 128.5, 128.4, 127.0, 126.2, 
124.2, 122.7, 65.5, 65.3, 57.8, 52.8, 25.2. 
HRMS (ESI-TOF, m/z) calcd. For C17H15N3O4 [M+H]+ calc.: 326.1135; found: 326.1132. 
IR (ATR, neat, cm-1): 3394 (w), 2958 (w), 2918 (w), 1705 (s), 1446 (m), 1393 (m), 1195 (m), 1072 (m), 








1.9.5. General procedure D for acetonide protection of diols. 
 
To a solution of diol 1.70 (1.0 equiv.) in CH2Cl2 (0.25 M) was added 2,2-dimethoxypropane (5.0 equiv.) 
and p-toluenesulfonic acid monohydrate (0.1 equiv.). The reaction mixture was then heated and stirred at 
40 °C under nitrogen atmosphere for 6 hours. Reaction was cooled, diluted with CH2Cl2, and transferred to 
a separatory funnel. Reaction mixture was washed with aqueous NaOH (0.2 M), and the combined aqueous 
layers were extracted with CH2Cl2. The combined organic layers were dried with MgSO4, filtered, and 
concentrated under reduced pressure. Column chromatography (SiO2, hexane:EtOAc mixtures) afforded 
acetonide 1.93. 
 Synthesis of 1.93a: Following the general procedure D (0.5 mmol scale), the title compound 
was isolated by flash chromatography (SiO2, hexanes:EtOAc = 3:1) as a white solid (118.3 mg, 0.446 mmol, 
89%). 
Rf = 0.85 (SiO2, 100% EtOAc, UV + KMnO4) 
m.p. = 216–218 °C   
1H NMR (500 MHz, CDCl3) δ 6.31 (dd, J = 4.3, 2.9 Hz, 2H), 5.02 (dq, J = 4.3, 2.8, 1.6 Hz, 1H), 4.62 – 
4.57 (m, 2H), 3.01 (s, 3H), 1.32 (s, 6H). 
13C NMR (126 MHz, CDCl3) 157.5, 128.7, 112.2, 74.0, 52.4, 25.8, 25.6, 25.5. 
HRMS (ESI-TOF, m/z) calcd. For C12H16N3O4 [M+H]+ calc.: 266.1141; found: 266.1133 
IR (ATR, neat, cm-1): = 2976 (w), 2934 (w), 1773 (m), 1699 (s), 1463 (m), 1440 (m), 1396 (s), 1371 (m), 





 Synthesis of 1.93b: Following the general procedure D (0.19 mmol scale) using PPTS 
instead of p-TsOH, the title compound was isolated by flash chromatography (SiO2, hexanes:EtOAc = 3:1) 
as a white solid (50.9 mg, 0.165 mmol, 86%). 
Rf = 0.68 (SiO2, hexanes:EtOAc = 1:1, UV + KMnO4) 
m.p. = 144–145 °C  
1H NMR (500 MHz, CDCl3) δ 5.84 (dt, J = 5.9, 1.9 Hz, 1H), 4.95 (dd, J = 5.9, 3.8 Hz, 1H), 4.91 (dd, J = 
4.0, 1.9 Hz, 1H), 4.58 (dd, J = 6.9, 4.0 Hz, 1H), 4.53 (ddd, J = 6.9, 3.8, 0.9 Hz, 1H), 2.99 (s, 3H), 2.29 
(heptd, J = 6.9, 1.6 Hz, 1H), 1.31 (s, 3H), 1.30 (s, 3H), 1.02 (t, J = 7.0 Hz, 6H). 
13C NMR (126 MHz, CDCl3) δ 157.5, 157.1, 148.5, 117.4, 111.9, 74.1, 74.0, 54.7, 52.5, 31.8, 25.7, 25.7, 
25.3, 20.4, 20.3. 
HRMS (ESI-TOF, m/z) calcd. For C15H22N3O4 [M+H]+ calc.: 308.1610; found: 308.1612. 
IR (ATR, neat, cm-1): = 2961 (w), 2925 (w), 1775 (w), 1709 (s), 1643 (w), 1454 (s), 1398 (m), 1377 (m), 
1264 (m), 1206 (s), 1163 (w), 1068 (s), 1035 (s). 
 Synthesis of 1.93c: Following the general procedure D (0.33 mmol scale) using PPTS 
instead of p-TsOH,  the title compound was isolated by flash chromatography (SiO2, hexanes:EtOAc = 3:1) 
as a white solid (77.6 mg, 0.241 mmol, 74%). 
Rf = 0.48 (SiO2, hexanes:EtOAc = 2:1, UV + KMnO4) 
m.p. = 181–183 °C   
1H NMR (500 MHz, CDCl3) δ 5.91 (dd, J = 6.0, 2.1 Hz, 2H), 5.09 (dd, J = 4.1, 2.1 Hz, 1H), 4.96 (dd, J = 
6.0, 3.8 Hz, 1H), 4.59 (dd, J = 6.8, 4.1 Hz, 1H), 4.53 (dd, J = 6.8, 3.8 Hz, 1H), 2.99 (s, 3H), 1.31 (s, 6H), 
1.04 (s, 9H). 






HRMS (ESI-TOF, m/z) calcd. For C16H24N3O4 [M+H]+ calc.: 322.1767; found: 322.1768 
IR (ATR, neat, cm-1): = 2965 (w), 1768 (m), 1706 (s), 1453 (m), 1396 (m), 1379 (m), 1264 (w), 1206 (s), 
1169 (w), 1070 (s), 1029 (m), 922 (w), 863 (m). 
 Synthesis of 1.93d: Following the general procedure D (0.55 mmol scale) using PPTS 
instead of p-TsOH, the title compound was isolated by flash chromatography (SiO2, hexanes:EtOAc = 3:1) 
as a white solid (142.9 mg, 0.423 mmol, 78%). 
Rf = 0.38 (SiO2, hexanes:EtOAc = 3:1, UV + KMnO4) 
m.p. = 148–150 °C   
1H NMR (500 MHz, CDCl3) δ 6.47 (ddd, J = 5.4, 1.4, 0.9 Hz, 1H), 5.03 (dd, J = 3.7, 1.4 Hz, 1H), 4.96 (dd, 
J = 5.4, 3.6 Hz, 1H), 4.60 (dd, J = 6.9, 3.6 Hz, 1H), 4.57 (ddd, J = 6.9, 3.7, 0.9 Hz, 1H), 2.99 (s, 3H), 1.31 
(s, 3H), 1.29 (s, 3H), 0.10 (s, 9H). 
13C NMR (126 MHz, CDCl3) δ 157.6, 157.2, 144.4, 135.2, 112.0, 74.0, 73.7, 54.2, 52.5, 25.7, 25.7, 25.4, 
–2.6. 
HRMS (ESI-TOF, m/z) calcd. For C15H23N3O4Si [M+H]+ calc.: 338.3414; found: 338.3412. 
IR (ATR, neat, cm-1): = 2921 (w), 1770 (m), 1711 (s), 1450 (m), 1396 (m), 1378 (m), 1250 (m), 1205 (s), 
1067 (m), 1025 (m), 835 (s). 
 Synthesis of 1.93e: Following the general procedure D (0.69 mmol scale), the title 
compound was isolated by flash chromatography (SiO2, hexanes:EtOAc = 3:1) as a white solid (133.4 mg, 
0.395 mmol, 57%). 
Rf = 0.18 (SiO2, hexanes:EtOAc = 3:1, UV + KMnO4) 
m.p. = 135–137 °C  
1H NMR (500 MHz, CDCl3) δ 6.14 (dq, J = 5.9, 2.6, 1.3 Hz, 1H), 5.01 (dd, J = 5.9, 3.7 Hz, 1H), 4.96 (dd, 





13C NMR (126 MHz, CDCl3) δ 170.6, 157.7, 157.5, 137.4, 122.9, 112.2, 74.0, 73.8, 63.5, 53.4, 52.4, 25.8, 
25.5, 25.3, 20.9. 
HRMS (ESI-TOF, m/z) calcd. For C15H20N3O6 [M+H]+ calc.: 338.1352; found: 338.1346. 
IR (ATR, neat, cm-1): = 2995 (w), 2932 (w), 1781 (w), 1717 (s), 1449 (m), 1394 (m), 1382 (m), 1238 (m), 
1209 (s), 1157 (w), 1082 (m), 1071 (m), 1032 (m). 
 Synthesis of 1.93f: Following the general procedure D (0.725 mmol scale), the title 
compound was isolated by flash chromatography (SiO2, hexanes:EtOAc = 3:1) as a white solid (236 mg, 
0.646 mmol, 89%). 
Rf = 0.26 (SiO2, hexanes:EtOAc = 3:1, UV + KMnO4) 
m.p. = 158–159 °C 
1H NMR (500 MHz, CDCl3) δ 6.16 (ddd, J = 6.0, 2.0, 0.9 Hz, 1H), 5.09 (dd, J = 4.0, 2.0 Hz, 1H), 5.04 (dd, 
J = 6.0, 3.8 Hz, 1H), 4.60 (dd, J = 6.8, 4.0 Hz, 1H), 4.55 (ddd, J = 6.8, 3.8, 0.9 Hz, 1H), 2.97 (s, 3H), 1.97 
(s, 3H), 1.60 (s, 3H), 1.39 (s, 3H), 1.32 (s, 3H), 1.31 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 170.5, 157.5, 157.4, 143.2, 120.8, 111.9, 78.2, 74.0, 73.9, 52.7, 51.6, 27.5, 
25.6, 25.6, 25.1, 23.9, 22.5. 
HRMS (ESI-TOF, m/z) calcd. For C17H23N3O6Na [M+Na]+ calc.: 388.1485; found: 388.1478. 
IR (ATR, neat, cm-1): = 2988 (w), 2939 (w), 1778 (m), 1736 (s), 1701 (s), 1456 (m), 1397 (m), 1385 (m), 
1366 (m), 1267 (w), 1236 (m), 1207 (s), 1164 (w), 1130 (m), 1065 (s). 
 Synthesis of 1.93g: Following the general procedure D (0.91 mmol scale), the title 
compound was isolated by flash chromatography (SiO2, hexanes:EtOAc = 2:1) as a white solid (235.1 mg, 
0.67 mmol, 74%). 





m.p. = 128–130 °C  
1H NMR (500 MHz, CDCl3) δ 5.95 (ddd, J = 5.8, 1.9, 0.9 Hz, 1H), 4.96 (dd, J = 5.8, 3.8 Hz, 1H), 4.90 (dd, 
J = 4.0, 1.9 Hz, 1H), 4.59 (dd, J = 6.8, 4.0 Hz, 1H), 4.54 (ddd, J = 6.8, 3.8, 0.9 Hz, 1H), 4.22 – 4.06 (m, 
2H), 3.00 (s, 3H), 2.55 – 2.39 (m, 2H), 2.00 (s, 3H), 1.31 (s, 3H), 1.30 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 170.8, 157.6, 157.4, 139.2, 121.7, 112.1, 74.0, 73.9, 61.4, 55.6, 52.6, 33.5, 
25.8, 25.6, 25.3, 21.0. 
HRMS (ESI-TOF, m/z) calcd. For C16H22N3O6 [M+H]+ calc.: 352.1509; found: 352.1498. 
IR (ATR, neat, cm-1): = 2987 (w), 2937 (w), 1775 (m), 1734 (m), 1701 (s), 1455 (m), 1396 (m), 1379 (m), 
1233 (s), 1205 (s), 1159 (w), 1066 (m), 1036 (m). 
 Synthesis of 1.93h: Following the general procedure D (0.54 mmol scale), the title 
compound was isolated by flash chromatography (SiO2, hexanes:EtOAc = 3:1) as a white solid (92.0 mg, 
0.27 mmol, 50%). 
Rf = 0.18 (SiO2, hexanes:EtOAc = 3:1, UV + KMnO4) 
m.p. = 125–127 °C  
1H NMR (500 MHz, CDCl3) δ 6.29 (dddd, J = 5.8, 1.6, 0.9 Hz, 1H), 5.09 (dd, J = 3.9, 1.8 Hz, 1H), 5.07 
(dd, J = 5.8, 3.7 Hz, 1H), 4.76 (d, J = 1.6 Hz, 1H), 4.61 (dd, J = 6.8, 3.9 Hz, 1H), 4.57 (ddd, J = 6.8, 3.7, 
0.8 Hz, 1H), 3.32 (s, 3H), 3.24 (s, 3H), 2.99 (s, 3H), 1.32 (s, 3H), 1.31 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 157.0, 156.5, 138.8, 124.1, 112.0, 101.1, 74.0, 73.9, 54.2, 52.7, 52.7, 52.6, 
51.9, 25.7, 25.5, 25.2. 
HRMS (ESI-TOF, m/z) calcd. For C15H21N3O6Na [M+Na]+ calc.: 362.1328; found: 362.1321. 
IR (ATR, neat, cm-1): = 2932 (w) 2874 (w), 2829 (w), 1775 (m), 1702 (s), 1454 (m), 1395 (m), 1378 (m), 





 Synthesis of 1.93i: Following the general procedure D (1.4 mmol scale), the title 
compound was isolated by flash chromatography (SiO2, hexanes:EtOAc = 3:1) as a white solid (197.8 mg, 
0.56 mmol, 40%). 
Rf = 0.42 (SiO2, hexanes:EtOAc = 3:1, UV + KMnO4) 
m.p. = 154–156 °C  
1H NMR (500 MHz, CDCl3) δ 6.30 (ddd, J = 5.9, 1.9, 0.9 Hz, 1H), 5.20 (dd, J = 4.0, 1.9 Hz, 1H), 5.08 (dd, 
J = 5.9, 3.7 Hz, 1H), 4.58 (dd, J = 6.8, 4.0 Hz, 1H), 4.53 (ddd, J = 6.8, 3.7, 0.9 Hz, 1H), 3.13 (s, 3H), 3.03 
(s, 3H), 2.98 (s, 3H), 1.34 (s, 3H), 1.33 (s, 3H), 1.32 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 156.6, 156.2, 142.0, 123.5, 111.9, 99.5, 73.9, 73.8, 52.8, 51.7, 49.1, 49.0, 
25.7, 25.4, 25.0, 23.2. 
HRMS (ESI-TOF, m/z) calcd. For C16H23N3O6Na [M+Na]+ calc.: 376.1485; found: 376.1479. 
IR (ATR, neat, cm-1): = 2999 (w), 2942 (w), 2840 (w), 1771 (m), 1710 (s), 1449 (s), 1377 (m), 1258 (m), 
1209 (s), 1151 (w), 1080 (s), 1038 (s), 921 (w), 864 (s), 766 (s). 
 Synthesis of 1.93j: Following the general procedure D (0.73 mmol scale), the title 
compound was isolated by flash chromatography (SiO2, hexanes:EtOAc = 3:1) as a white solid (196.4 mg, 
0.54 mmol, 73%). 
Rf = 0.22 (SiO2, hexanes:EtOAc = 3:1, UV + KMnO4) 
m.p. = 140–141 °C  
1H NMR (500 MHz, CDCl3) δ 6.07 (ddd, J = 6.1, 2.1, 0.9 Hz, 1H), 5.22 (dd, J = 4.1, 2.1 Hz, 1H), 5.01 (dd, 
J = 6.1, 3.7 Hz, 1H), 4.57 (dd, J = 6.8, 4.1 Hz, 1H), 4.52 (ddd, J = 6.8, 3.7, 0.9 Hz, 1H), 3.63 (s, 3H), 3.00 





13C NMR (126 MHz, CDCl3) δ 174.3, 156.9, 156.2, 144.4, 120.8, 112.0, 74.0, 73.9, 53.2, 52.6, 51.7, 45.3, 
25.7, 25.4, 25.2, 24.5, 23.3. 
HRMS (ESI-TOF, m/z) calcd. For C17H24N3O6 [M+H]+ calc.: 366.1665; found: 366.1658. 
IR (ATR, neat, cm-1): = 2980 (w), 2941 (w), 1771 (w), 1729 (m), 1700 (s), 1636 (w), 1450 (s), 1395 (m), 
1380 (m), 1305 (w), 1267 (m), 1209 (s), 1163 (w), 1148 (s), 1081 (m), 1067 (m). 
 Synthesis of 1.93k: Following the general procedure D (1.0 mmol scale) using PPTS 
instead of p-TsOH, the title compound was isolated by flash chromatography (SiO2, hexanes:EtOAc = 3:1) 
as a white solid (233.6 mg, 0.66 mmol, 66%). 
Rf = 0.15 (SiO2, hexanes:EtOAc = 3:1, UV + KMnO4) 
m.p. = 158–159 °C  
1H NMR (500 MHz, CDCl3) δ 6.03 (dd, J = 6.0, 2.1 Hz, 1H), 5.03 (dd, J = 6.0, 3.7 Hz, 1H), 5.01 (dd, J = 
4.0, 2.1 Hz, 1H), 4.60 (dd, J = 6.8, 4.0 Hz, 1H), 4.56 (dd, J = 6.8, 3.7 Hz, 1H), 3.54 (d, J = 11.1 Hz, 1H), 
3.34 (d, J = 11.1 Hz, 1H), 2.98 (s, 3H), 1.33 (s, 6H), 1.17 (s, 3H), 1.14 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 157.5, 157.2, 144.4, 121.8, 111.9, 73.8, 73.8, 52.6, 52.4, 52.0, 38.2, 25.7, 
25.6, 25.2, 24.3, 23.2. 
HRMS (ESI-TOF, m/z) calcd. For C16H23N3O4Cl [M+H]+ calc.: 356.1377; found: 356.1370. 
IR (ATR, neat, cm-1): = 2976 (w), 2931 (w), 1774 (w), 1715 (s), 1451 (m), 1394 (m), 1374 (m), 1260 (w), 
1206 (s), 1068 (m) 922 (w), 862 (m). 
 Synthesis of 5l: Following the general procedure D (0.57 mmol scale), the title 
compound was isolated by flash chromatography (SiO2, hexanes:EtOAc = 3:1) as a white solid (125.1 mg, 
0.40 mmol, 70%). 
Rf = 0.10 (SiO2, hexanes:EtOAc = 3:1, UV + KMnO4) 





1H NMR (500 MHz, CDCl3) δ 6.25 (dt, J = 5.8, 2.1, 1.6 Hz, 1H), 5.05 (dd, J = 5.8, 3.8 Hz, 1H), 4.98 (dd, 
J = 4.0, 2.1 Hz, 1H), 4.64 (dd, J = 6.7, 4.0 Hz, 1H), 4.60 (dd, J = 6.7, 3.8 Hz, 1H), 4.07 (d, J = 1.6 Hz, 2H), 
3.01 (s, 3H), 1.32 (s, 3H), 1.30 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 157.4, 157.0, 138.2, 123.4, 112.4, 74.2, 74.0, 54.4, 52.3, 43.4, 25.9, 25.7, 
25.4. 
HRMS (ESI-TOF, m/z) calcd. For C13H17N3O4Cl [M+H]+ calc.: 314.0908; found: 314.0901 
IR (ATR, neat, cm-1): = 2986 (w), 1783 (m), 1710 (s), 1453 (s), 1396 (m), 1384 (m), 1375 (m), 1261 (m), 
1204 (s), 1164 (m), 1067 (s), 1040 (m). 
 Synthesis of 1.93m: Following the general procedure D (0.45 mmol scale), the title 
compound was isolated by flash chromatography (SiO2, hexanes:EtOAc = 3:1) as a white solid (104 mg, 
0.30 mmol, 68%). 
Rf = 0.25 (SiO2, hexanes:EtOAc = 3:1, UV + KMnO4) 
m.p. = 194–195 °C  
1H NMR (500 MHz, CDCl3) δ 6.46 (ddd, J = 6.1, 2.1, 0.8 Hz, 1H), 5.14 (dd, J = 4.1, 2.1 Hz, 1H), 5.05 (dd, 
J = 6.1, 3.9 Hz, 1H), 4.67 (dd, J = 6.7, 4.1 Hz, 1H), 4.57 (ddd, J = 6.7, 3.9, 0.8 Hz, 1H), 3.04 (s, 3H), 1.38 
(s, 3H), 1.33 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 157.3, 157.0, 127.5, 118.5, 112.8, 74.9, 73.9, 60.2, 54.4, 26.0, 25.7, 25.5. 
HRMS (ESI-TOF, m/z) calcd. For C12H15N3O4Br [M+H]+ calc.: 344.0246; found: 344.0234 
IR (ATR, neat, cm-1): = 3033 (w), 2927 (w), 1779 (m), 1711 (s), 1609 (w), 1455 (m), 1396 (m), 1376 (m), 
1264 (w), 1208 (s), 1162 (w), 1082 (s), 1044 (w), 1023 (w). 






To a solution of boronic ester 1.71a (129 mg, 0.4 mmol, 1.0 equiv.) in toluene (0.8 mL), in a 4 mL vial, 
was added pinacol (472 mg, 4.0 mmol, 10 eq.) and DMAP (4.9 mg, 0.04 mmol, 0.1 eq.). The vial was 
capped, the reaction was heated to 110 C, and stirred for 18 h. After cooling to room temperature, the crude 
reaction mixture was loaded onto a flash chromatography column (SiO2) and eluted with a gradient of 3:1 
hexanes:EtOAc 100% EtOAc. This procedure afforded 1.70a as a white solid (70.5 mg, 0.25 mmol, 
63%). 
1.9.7. General procedure E for synthesis of acetonide from boronic ester compound.   
 
To a solution of boronic ester 1.71a (0.1 mmol, 1.0 equiv.) in toluene (3.0 mL) was added pinacol (59.1 
mg, 0.5 mmol, 5.0 equiv.) and DMAP (1.2 mg, 0.01 mmol, 0.1 equiv.). The reaction was then heated to 80 
°C and stirred for 18 hours. Dimethoxy propane (1.0 mL) was then added, followed by PPTS (5.0 mg, 0.02 
mmol, 0.2 eq.) and reaction mixture was stirred at 80 °C for an additional 8 hours. After cooling to room 
temperature, the reaction was directly loaded on a column and purified by chromatography (SiO2, 
hexane:EtOAc mixtures). Using this procedure for 1.71a gave acetonide 1.93a in 77% yield as a white 
solid.  
1.9.8. General procedure F for dihydrodiol synthesis using hydrazine. 
 
To cycloadduct 1.93 (0.25 mmol, 1.0 equiv.) was added anhydrous hydrazine (0.25 mL), and the mixture 
was heated and stirred at 100 °C overnight (12 hours) under a nitrogen atmosphere. The reaction was cooled 
to room temperature and hydrazine was removed under reduced pressure. Distilled water (2.5 mL), followed 
by CuCl2 (1.0 M aq., 0.25 mL, 0.25 mmol, 1.0 equiv.) was added, resulting in the formation of a brown 





producing a transparent blue solution and gas evolution. Mixture was transferred to a separatory funnel and 
diluted with diethyl ether (5 mL). The layers were separated and the aqueous layer was further extracted 
with Et2O (5 × 5 mL). Combined organic layers were dried with MgSO4, filtered, and concentrated. In most 
cases, corresponding acetonide-protected dihydrodiols 1.98 were sufficiently pure (>95% by 1H NMR) and 
did not require further purification.   
1.9.9. General procedure G for dihydrodiol synthesis with KOH. 
 
To a solution of acetonide protected cycloadduct 1.93 (0.25 mmol, 1.0 equiv.) in iso-propanol (2.5 mL) was 
added KOH (156 mg, 90% w/w, 2.5 mmol, 10 equiv.), and the mixture was heated and stirred at 100 °C 
overnight (12 hours) under a nitrogen atmosphere. The reaction was cooled to room temperature and citric 
acid (250 mg, 1.3 mmol, 5.2 equiv.) was added to neutralize the solution. Distilled water (1.5 mL), followed 
by CuCl2 (1.0 M aq., 0.25 mL, 0.25 mmol, 1.0 equiv.) were added, resulting in a dark greenish-blue solution. 
After stirring for 1 minute, NH4OH (5.0 M aq., 1.0 mL, 5.0 mmol, 20 equiv.) was added and the solution 
turned dark blue with noticeable gas evolution. Mixture was transferred to a separatory funnel and diluted 
with EtOAc (5 mL). Phases were separated and the aqueous layer was further extracted with EtOAc (5 × 5 
mL). Combined organic layers were dried with MgSO4, filtered, and concentrated. Crude dihydrodiols 1.98 
were purified by flash chromatography if not >95% pure by 1HNMR necessary (SiO2, hexanes:EtOAc 
mixtures).  
 Synthesis of 1.69: Following the general procedure F, the title compound was isolated as a 
clear oil (29.3 mg, 0.19 mmol, 77%). Product was sufficiently pure (>95% by 1H NMR) and did not require 
further purification. 





1H NMR (500 MHz, CDCl3) δ 6.02 – 5.96 (m, 2H), 5.89 (dtd, J = 8.2, 2.2, 1.3 Hz, 2H), 4.69 – 4.57 (m, 
2H), 1.42 (d, J = 0.9 Hz, 3H), 1.40 (d, J = 0.8 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 125.4, 123.9, 104.7, 70.5, 26.8, 24.8. 
HRMS (EI m/z) calcd. For  C8H9O2 [M-Me]+ calc.: 137.0603; found: 137.0606. 
IR (ATR, neat, cm-1): = 3045 (w), 2986 (w), 2935 (w), 2888 (w), 1456 (w), 1415 (m), 1370 (m), 1237 (m), 
1208 (m), 1158 (m), 1027 (s), 947 (m), 828 (s). 
 Synthesis of 1.98b: Following the general procedure F, the title compound was isolated 
as a clear oil (37.3 mg, 0.19 mmol, 77%). Product was sufficiently pure (>95% by 1H NMR) and did not 
require further purification. 
Rf = 0.46 (SiO2, hexanes:EtOAc = 8:1, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) δ 5.99 – 5.90 (m, 1H), 5.87 (ddt, J = 10.0, 2.6, 1.0 Hz, 1H), 5.58 (dq, J = 3.3, 
1.2 Hz, 1H), 4.64 (dt, J = 1.8, 1.1 Hz, 2H), 2.32 (heptd, J = 7.0, 0.8 Hz, 1H), 1.41 (d, J = 0.8 Hz, 3H), 1.39 
(d, J = 0.6 Hz, 3H), 1.05 (dd, J = 7.0 Hz, 6H). 
13C NMR (126 MHz, CDCl3) δ 142.2, 126.0, 126.0, 116.4, 104.8, 71.0, 70.9, 33.4, 27.0, 25.0, 21.3, 20.8. 
HRMS (CI m/z) calcd. For  C12H18O2 [M]+ calc.: 194.1307; found: 194.1301. 
IR (ATR, neat, cm-1): = 3048 (w), 2962 (w), 2875 (w), 2875 (w), 1665 (w), 1461 (m), 1411 (w), 1379 (m), 
1369 (m), 1237 (m), 1208 (m), 1161 (m), 1024 (s), 949 (w). 
 Synthesis of 1.98c: Following the general procedure F, the title compound was isolated 
as a clear oil (49.2 mg, 0.24 mmol, 93%). Product was sufficiently pure (>95% by 1H NMR) and did not 
require further purification. 





1H NMR (500 MHz, CDCl3) δ 6.11 (dt, J = 10.1, 1.3 Hz, 1H), 5.88 (ddd, J = 10.1, 3.4, 0.9 Hz, 1H), 5.64 
(ddd, J = 4.2, 0.9 Hz, 1H), 4.65 (dd, J = 8.7, 4.2 Hz, 1H), 4.61 (ddd, J = 8.7, 3.4, 1.3 Hz, 1H), 1.40 (s, 3H), 
1.39 (s, 3H), 1.07 (s, 9H). 
13C NMR (126 MHz, CDCl3) δ 144.2, 125.8, 124.6, 115.6, 104.9, 71.2, 70.5, 34.3, 28.5, 27.0, 25.1. 
HRMS (EI m/z) calcd. For C13H20O2 [M]+ calc.:  208.1463; found: 208.1461. 
IR (ATR, neat, cm-1): = 3048 (w), 2965 (m), 2873 (w), 1660 (w), 1479 (m), 1465 (w), 1393 (w), 1368 (s), 
1237 (s), 1208 (s), 1161 (m), 1034 (s), 1019 (s), 949 (w).  
 Synthesis of 1.98d: Following the general procedure G, the title compound was 
isolated as a pale yellow oil (52.6 mg, 0.24 mmol, 94%). Product was sufficiently pure (>95% by 1H NMR) 
and did not require further purification. 
Rf = 0.50 (SiO2, hexanes:EtOAc = 8:1, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) δ 6.09 – 6.05 (m, 2H), 5.90 – 5.85 (m, 1H), 4.66 – 4.51 (m, 2H), 1.40 (s, 3H), 
1.39 (s, 3H), 0.11 (s, 9H). 
13C NMR (126 MHz, CDCl3) δ 135.5, 132.9, 125.9, 123.8, 104.9, 70.6, 70.1, 26.9, 25.0, -2.2. 
HRMS (EI m/z) calcd. For C12H18O2Si [M]+ calc.: 222.1076; found:  222.1073. 
IR (ATR, neat, cm-1): = 2987 (w), 2956 (w), 2897 (w), 1456 (w), 1379 (m), 1370 (m), 1248 (s), 1210 (m), 
1161 (w), 1210 (m), 1058 (m), 1031 (m), 953 (w), 834 (s). 
 Synthesis of 1.98e: Following the general procedure G, the title compound was 
obtained as a pale yellow oil (41.6 mg, 0.225 mmol, 90%). Product was sufficiently pure (>95% by 1H 
NMR) and did not require further purification. 
Rf = 0.25 (SiO2, hexanes:EtOAc = 2:1, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) δ 5.98 (dd, J = 9.9, 1.4 Hz, 1H), 5.95 (dd, J = 9.9, 2.4 Hz, 1H), 5.86 (dq, J = 





13C NMR (126 MHz, CDCl3) δ 136.0, 126.8, 123.9, 119.3, 104.9, 70.9, 70.4, 65.0, 26.9, 24.8. 
HRMS (EI m/z) calcd. For  C10H14O3 [M]+ calc.: 182.0943; found: 182.0944. 
IR (ATR, neat, cm-1): = 3401 (br s), 2986 (w), 2884 (w), 1732 (w), 1456 (w), 1411 (w), 1371 (m), 1207 
(m), 1153 (m), 1020 (s), 958 (w), 860 (m). 
 Synthesis of 1.98f: Following the general procedure G, the title compound was 
isolated by flash chromatography (SiO2, hexanes:EtOAc = 3:1) as a clear oil (47.5 mg, 0.23 mmol, 90%). 
Rf = 0.35 (SiO2, hexanes:EtOAc = 2:1, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) δ 6.17 (dt, J = 10.1, 1.2 Hz, 1H), 5.93 (ddd, J = 10.1, 3.5, 1.0 Hz, 1H), 5.87 
(dt, J = 4.0, 1.2 Hz, 1H), 4.68 (dd, J = 8.8, 4.0 Hz, 1H), 4.63 (ddd, J = 8.8, 3.5, 1.0 Hz, 1H), 1.60 (s, 1H), 
1.40 (d, J = 1.6 Hz, 6H), 1.36 (s, 6H). 
13C NMR (126 MHz, CDCl3) δ 142.5, 126.2, 123.8, 116.4, 105.0, 71.6, 70.8, 70.4, 28.8, 28.6, 26.9, 24.9. 
HRMS (EI m/z) calcd. For C12H18O3 [M]+ calc.: 210.1256; found: 210.1257. 
IR (ATR, neat, cm-1): = 3439 (br s), 2980 (m), 2934 (w), 2897 (w), 1732 (w), 1660 (w), 1607 (w), 1458 
(w), 1371 (s), 1291 (w), 1235 (s), 1208 (s), 1159 (s), 1026 (s). 
 Synthesis of 1.98g: Following the general procedure G, the title compound was 
isolated by flash chromatography (SiO2, hexane:EtOAc = 1:1) as a clear oil (40.7 mg, 0.21 mmol, 83%). 
Rf = 0.32 (SiO2, hexanes:EtOAc = 1:1, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) δ 5.89 – 5.86 (m, 2H), 5.69 (dp, J = 3.5, 1.2 Hz, 1H), 4.66 – 4.63 (m, 1H), 
4.61 (dd, J = 8.7, 3.7 Hz, 1H), 3.71 (td, J = 6.5, 2.8 Hz, 2H), 2.35 (td, J = 6.5, 1.2 Hz, 2H), 1.97 (s, 1H), 
1.40 (s, 3H), 1.37 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 133.3, 126.7, 126.3, 121.2, 104.9, 70.6, 70.6, 60.8, 38.9, 26.9, 24.8. 





IR (ATR, neat, cm-1): = 3428 (br s), 2986 (w), 2884 (w), 1667 (w), 1411 (w), 1371 (m), 1207 (s), 1161 (m), 
1020 (s), 949 (w), 918 (w), 861 (m), 732 (m). 
Synthesis of 1.98h: Following the general procedure G, the title compound was 
isolated by flash chromatography (SiO2, hexanes:EtOAc = 1:1) as a clear oil (31.1 mg, 0.14 mmol, 55%). 
Rf = 0.59 (SiO2, hexanes:EtOAc = 2:1, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) δ 6.08 (dt, J = 9.9, 1.1 Hz, 1H), 5.99 – 5.98 (m, 1H), 5.96 (ddd, J = 9.9, 3.7, 
1.0 Hz, 1H), 4.75 (t, J = 1.0 Hz, 1H), 4.72 (ddd, J = 8.8, 3.7, 0.9 Hz, 1H), 4.66 (ddd, J = 8.8, 3.7, 0.9 Hz, 
1H), 3.32 (s, 3H), 3.28 (s, 3H), 1.40 (s, 6H). 
13C NMR (126 MHz, CDCl3) δ 132.7, 126.2, 123.1, 123.0, 105.1, 103.1, 70.6, 53.5, 53.0, 26.9, 24.9. 
HRMS (EI m/z) calcd. For C12H18O4 [M]+ calc.: 226.1205; found: 226.1204. 
IR (ATR, neat, cm-1): = 2987 (w), 2935 (w), 2896 (w), 2830 (w), 1456 (w), 1369 (m), 1380 (m), 1208 (m), 
1157 (m), 1097 (s), 1047 (s), 997 (m), 913 (w), 864 (m). 
 Synthesis of 1.98i: Following the general procedure G, the title compound was 
isolated by flash chromatography (SiO2, hexanes:DCM = 1:2) as a clear oil (36.8 mg, 0.15 mmol, 61%). 
Rf = 0.09 (SiO2, hexanes:DCM = 1:2, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) δ 6.10 – 6.04 (m, 2H), 5.95 (ddd, J = 9.9, 3.8, 1.1 Hz, 1H), 4.74 (dd, J = 8.8, 
3.7 Hz, 1H), 4.62 (ddd, J = 8.8, 3.8, 0.9 Hz, 1H), 3.14 (s, 6H), 1.40 (s, 3H), 1.38 (s, 3H), 1.34 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 136.4, 125.8, 123.8, 122.2, 105.2, 100.4, 71.1, 70.3, 49.0, 49.0, 27.0, 25.1, 
22.7. 
HRMS (EI m/z) calcd. For C13H20O4 [M]+ calc.: 240.1362; found: 240.1363. 
IR (ATR, neat, cm-1): = 2988 (w), 2938 (w), 2901 (w), 2831 (w), 1736 (w), 1683 (w), 1456 (w), 1370 (m), 





 Synthesis of 1.98j: Following the general procedure G, with acidification of the 
aqueous layer with AcOH (glacial) prior to extraction, the title compound was the title compound was 
isolated by flash chromatography ((SiO2, hexanes:EtOAc = 1:1, 1% AcOH) as a clear oil (54.0 mg, 0.23 
mmol, 91%). 
Rf = 0.60 (SiO2, hexanes:EtOAc = 1:1, 1% AcOH, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) δ 6.00 (dt, J = 10.0, 1.2 Hz, 1H), 5.93 (ddd, J = 10.0, 3.7, 0.9 Hz, 1H), 5.78 
(dt, J = 4.0, 1.2 Hz, 1H), 4.73 (dd, J = 8.8, 4.0 Hz, 1H), 4.63 (ddd, J = 8.8, 3.7, 0.9 Hz, 1H), 1.40 (s, 3H), 
1.39 (s, 3H), 1.38 (s, 3H), 1.36 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 182.1, 137.9, 126.1, 124.7, 119.0, 105.4, 71.1, 70.1, 46.1, 26.9, 25.1, 24.2, 
24.0. 
HRMS (EI m/z) calcd. For C13H18O4 [M]+ calc.: 238.1205; found: 238.1208. 
IR (ATR, neat, cm-1): = 2982 (w), 2924 (w), 2652 (br s), 2870 (w), 2546 (w), 1703 (s), 1664 (m), 1516 (w), 
1458 (w), 1410 (w), 1381 (m), 1369 (m), 1340 (w), 1299 (m), 1280 (m).\ 
 Synthesis of 1.98k: Following the general procedure G, the title compound was 
isolated by flash chromatography (SiO2, hexanes:DCM = 1:4) as a clear oil  (48.6 mg, 0.20 mmol, 80 %). 
Rf = 0.50 (SiO2, hexanes:DCM = 1:4, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) δ 6.05 (ddd, J = 10.1, 1.6, 0.9 Hz, 1H), 5.95 (ddd, J = 10.1, 3.6, 1.0 Hz, 1H), 
5.73 (dt, J = 4.1, 1.6, 0.9 Hz, 1H), 4.71 (dd, J = 8.8, 4.1 Hz, 1H), 4.62 (ddd, J = 8.7, 3.6, 1.0 Hz, 1H), 3.49 
(d, J = 11.0 Hz, 1H), 3.46 (d, J = 11.0 Hz, 1H), 1.40 (s, 6H), 1.19 (s, 3H), 1.18 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 139.3, 126.4, 123.5, 119.7, 105.3, 71.2, 70.1, 53.6, 39.4, 27.0, 25.2, 24.6, 
24.3. 





IR (ATR, neat, cm-1): = 3048 (w), 2981 (m), 2935 (w), 1729 (w), 1660 (w), 1470 (m), 1412 (w), 1379 (m), 
1369 (m), 1285 (w), 1208 (m), 1160 (m), 1032 (s). 
 Synthesis of 1.98m: Following the general procedure F, the title compound was isolated 
as a clear oil (44.5 mg, 0.196 mmol, 77%). Product was sufficiently pure (>95% by 1H NMR) and did not 
require further purification.  
Rf = 0.48 (SiO2, hexanes:EtOAc = 8:1, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) δ 6.21 (p, J = 1.4 Hz, 1H), 6.05 (dd, J = 10.1, 1.7 Hz, 1H), 5.91 – 5.84 (m, 
1H), 4.66 – 4.63 (m, 2H), 1.42 (s, 3H), 1.39 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 128.5, 127.7, 125.1, 119.3, 105.7, 72.2, 69.3, 26.8, 24.9. 
HRMS (EI m/z) calcd. For C9H11O2Br  [M]+ calc.: 229.9942; found: 229.9936. 
IR (ATR, neat, cm-1): = 2986 (w), 2934 (w), 2897 (w), 1638 (w), 1618 (w), 1456 (w), 1380 (m), 1370 (m), 
1327 (w), 1287 (w), 1226 (m), 1208 (s), 1160 (m), 1098 (w), 1050 (s), 1036 (s), 1001 (m). 
1.9.10. General procedure H for the synthesis of diaminodiol compounds from mononuclear arenes. 
 
To a solution of acetonide 1.93 (0.20 mmol, 1.0 equiv.) in iso-propanol (0.6 mL) was added KOH (125 mg, 
90% w/w, 2.00 mmol, 10.0 equiv.) and the mixture was heated and stirred at 100 °C overnight (12 hours) 
under a nitrogen atmosphere.  The reaction mixture was cooled to 0 °C and benzoyl chloride (0.12 mL, 1.00 
mmol, 5.0 equiv.) was added dropwise, and the reaction was slowly warmed to room temperature and stirred 
for 4 hours. Ethyl acetate (10 mL) and water (5 mL) were added and the layers were separated. The aqueous 
phase was extracted with ethyl acetate (3 × 10 mL), and the combined organic layers were washed with 
brine, dried over MgSO4, filtered, and concentrated under reduced pressure. The obtained residue was 





equiv.) was added dropwise under a nitrogen atmosphere. After complete addition, the reaction mixture 
was stirred for additional 30 minutes and was then quenched with saturated aq. NH4Cl (5 mL). The mixture 
was extracted with ethyl acetate (4 × 5 mL), dried over MgSO4, and concentrated under reduced pressure. 
Column chromatography (SiO2, hexanes:EtOAc mixtures) afforded pure compound 1.103. 
 Synthesis of 1.103a: Following the general procedure H, the title compound was isolated by 
flash chromatography (SiO2, hexanes:EtOAc = 1:1) as a colorless solid (44.7 mg, 0.12 mmol, 57%). 
Rf = 0.32 (SiO2, hexanes:EtOAc = 1:1, KMnO4) 
m.p. = 278–282 ºC 
1H NMR (500 MHz, Methanol-d4) δ 7.96 – 7.89 (m, 4H), 7.63 – 7.56 (m, 2H), 7.55 – 7.48 (m, 4H), 5.82 
(t, J = 3.0 Hz, 2H), 4.65 (dd, J = 5.5, 3.0 Hz, 2H), 4.47 – 7.43 (m, 2H), 1.56 (s, 3H), 1.40 (s, 3H). 
13C NMR (126 MHz, Methanol-d4) δ 170.0, 135.5, 132.8, 130.8, 129.6, 128.4, 110.4, 78.2, 52.8, 27.8, 25.5. 
HRMS (ESI-TOF, m/z) calcd. For C23H25N2O4 [M+H]+ calc.: 393.1809; found: 393.1803. 
IR (ATR, neat, cm-1): 3283 (m), 2925 (w), 1639 (s), 1537 (s), 1334 (w), 1263 (w), 1164 (w), 1066 (w), 695 
(m). 
 Synthesis of 1.103b: Following the general procedure H, the title compound was 
isolated by flash chromatography (SiO2, hexanes:EtOAc = 1:1) as a white solid (62.5 mg, 0.15 mmol, 72%). 
Rf = 0.40 (SiO2, hexanes:EtOAc = 1:1, KMnO4) 
m.p. = 238–242 ºC 
1H NMR (500 MHz, CDCl3) δ 8.30 (d, J = 8.5 Hz, 1H), 8.00 (d, J = 8.0 Hz, 2H), 7.87 (d, J = 8.0 Hz, 2H), 





4.56 (dd, J = 6.0, 2.5 Hz, 1H), 4.35–4.30 (m, 1H), 2.43–2.36 (m, 1H), 1.44 (s, 3H), 1.37 (s, 3H), 1.10 (d, J 
= 6.0 Hz, 3H), 1.09 (d, J = 6.5 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 167.2, 167.0, 144.4, 134.2, 134.1, 131.9, 131.7, 128.7, 128.6, 127.5, 127.2, 
119.0, 109.0, 77.8, 76.1, 52.5, 48.7, 32.5, 27.8, 25.8, 21.9, 21.2. 
HRMS (ESI-TOF, m/z) calcd. For C26H31N2O4 [M+H]+ calc.: 435.2278; found: 435.2278. 
IR (ATR, neat, cm-1): 3297 (m), 2926 (s), 1722 (w), 1640 (s), 1579 (w), 1533 (s), 1489 (m), 1271 (w), 1060 
(m), 695 (m). 
 Synthesis of 1.103c: Following the general procedure H, the title compound was 
isolated by flash chromatography (SiO2, hexanes:EtOAc = 2:1) as a colorless liquid (78.0 mg, 0.174 mmol, 
87%). 
Rf = 0.55 (SiO2, hexanes:EtOAc = 1:1, KMnO4) 
1H NMR (500 MHz, CDCl3) δ 8.54 (d, J = 8.5 Hz, 1H), 8.00 (dd, J = 8.5, 1.5 Hz, 2H), 7.77 (dd, J = 8.5, 
1.5 Hz, 2H), 7.55-7.40 (m, 6H), 7.07 (br, 1H), 5.67 (d, J = 5.5 Hz, 1H), 5.20 (dd, J = 8.5, 3.0 Hz, 1H), 4.61 
(dd, J = 6.0, 2.5 Hz, 1H),  4.54 (dd, J = 6.0, 2.5 Hz, 1H), 4.15-4.08 (m, 1H), 1.41 (s, 3H), 1.35 (s, 3H), 1.12 
(s, 9H). 
13C NMR (126 MHz, CDCl3) δ 167.3, 166.5, 147.0, 134.2, 133.9, 132.1, 131.6, 128.8, 128.6, 127.6, 127.1, 
119.2, 109.2, 77.9, 75.7, 54.9, 44.9, 35.7, 28.9, 27.7, 25.8. 
HRMS (ESI-TOF, m/z) calcd. For C27H33N2O4 [M+H]+ calc.: 449.2435; found: 449.2434. 
IR (ATR, neat, cm-1): 3296 (m), 2933 (m), 1639 (s), 1526 (s), 1488 (s), 1370 (w), 1310 (w), 1212 (w), 1046 





 Synthesis of 1.103d: Following the general procedure H, the title compound was 
isolated by flash chromatography (SiO2, hexanes:EtOAc = 2:1) as a white solid (51.0 mg, 0.11 mmol, 55%). 
Rf = 0.50 (SiO2, hexanes:EtOAc = 1:1, KMnO4) 
m.p. = 237–241 ºC 
1H NMR (400 MHz, CDCl3) δ 7.94 (dd, J = 8.4, 1.6 Hz, 2H), 7.86 (dd, J = 8.4, 1.6 Hz, 2H), 7.82 (d, J = 
9.6 Hz, 1H), 7.58-7.43 (m, 6H), 7.39 (d, J = 8.0 Hz, 1H), 6.07 (d, J = 4.8 Hz, 1H), 4.94 (dd, J = 8.4, 3.2 Hz, 
1H), 4.54 (dd, J = 6.0, 3.2 Hz, 1H),  4.44 (dd, J = 6.0, 3.2 Hz, 1H), 4.33-4.25 (m, 1H), 1.45 (s, 3H), 1.35 (s, 
3H), –0.11 (s, 9H, CH3). 
13C NMR (126 MHz, CDCl3) δ 167.1, 166.7, 139.3, 135.4, 134.2, 134.0, 132.0, 131.7, 128.8, 128.7, 127.4, 
127.2, 109.2, 77.0, 75.9, 52.5, 49.4, 27.9, 25.9, -1.4. 
HRMS (ESI-TOF, m/z) calcd. For C26H33N2O4Si [M+H]+ calc.: 465.2204; found: 465.2204. 
IR (ATR, neat, cm-1): 3301 (w), 2924 (m), 1722 (w), 1638 (s), 1532 (s), 1490 (w), 1273 (w), 1066 (w), 838 
(m), 694 (m).  
 Synthesis of 1.103e: Following the general procedure H, the title compound was 
isolated by flash chromatography (SiO2, hexanes:EtOAc = 1:2) as a white solid (51.4 mg, 0.12 mmol, 61%). 
Rf = 0.25 (SiO2, hexanes:EtOAc = 1:2, KMnO4) 
m.p. = 273–275 ºC 
1H NMR (500 MHz, Acetone-d6) δ 8.55 (br, 2H), 8.01 (d, J = 4.5 Hz, 2H), 8.00 (dd, J = 4.5, 1.5 Hz, 2H), 
7.61-7.46 (m, 6H), 5.86 (d, J = 4.5 Hz, 1H), 4.68 (d, J = 7.5 Hz, 1H), 4.63-4.54 (m, 3H), 4.10 (s, 2H), 1.40 





13C NMR (126 MHz, Acetone-d6) δ 167.4, 167.1, 139.7, 139.6, 135.5, 135.4, 132.2, 132.2, 129.2, 128.1, 
128.1, 122.7, 108.9, 78.3, 77.5, 63.4, 63.3, 50.9, 50.3, 27.8, 25.5. 
HRMS (ESI-TOF, m/z) calcd. For C24H27N2O5 [M+H]+ calc.: 423.1914; found: 423.1912. 
IR (ATR, neat, cm-1): 3290 (m), 2924 (w), 1635 (s), 1534 (s), 1490 (w), 1343 (w), 1267 (w), 1162 (w), 
1065 (m), 859 (w), 694 (m).  
Synthesis of 1.103f: Following the general procedure H, the title compound was 
isolated by flash chromatography (SiO2, hexanes:EtOAc = 1:1) as a colorless liquid (66.5 mg, 0.15 mmol, 
74%). 
Rf = 0.65 (SiO2, hexanes:EtOAc = 1:2, KMnO4) 
1H NMR (500 MHz, Acetone-d6) δ 8.55 (d, J = 7.5 Hz, 1H), 8.45 (d, J = 6.5 Hz, 1H),  8.01 (dd, J = 8.5, 
1.5 Hz, 2H), 7.95 (dd, J = 8.5, 1.5 Hz, 2H), 7.58-7.51 (m, 2H), 7.50-7.42 (m, 4H), 6.12 (d, J = 6.0 Hz, 1H), 
5.02 (dd, J = 7.5, 2.5 Hz, 1H), 4.68 (d, J = 6.5 Hz, 1H), 4.62 (dd, J = 6.5, 2.5 Hz, 1H),  4.43-4.35 (m, 1H), 
3.90 (s, 1H), 1.37 (s, 3H), 1.36 (s, 3H), 1.32 (s, 3H), 1.31 (s, 3H). 
13C NMR (126 MHz, Acetone-d6) δ 167.7, 166.9, 146.7, 135.6, 135.4, 132.3, 132.1, 129.2, 129.1, 128.2, 
128.1, 121.1, 110.6, 108.7, 78.5, 76.5, 72.4, 72.3, 52.6, 47.0, 29.9, 29.4, 27.4, 25.4. 
HRMS (ESI-TOF, m/z) calcd. For C26H31N2O5 [M+H]+ calc.: 451.2227; found: 451.2230. 
IR (ATR, neat, cm-1): 3311 (m), 2979 (w), 1639 (s), 1536 (s), 1488 (m), 1370 (w), 1310 (m), 1165 (w), 
1047 (m), 694 (s). 
Synthesis of 1.103g: Following the general procedure H, the title compound was 
isolated by flash chromatography (SiO2, hexanes:EtOAc = 1:2) as a white solid (50.5 mg, 0.12 mmol, 58%). 





m.p. = 276–278 ºC 
1H NMR (500 MHz, Methanol-d4) δ 7.89 (d, J = 8.5 Hz, 2H), 7.87 (dd, J = 8.5, 1.5 Hz, 2H), 7.60-7.46 (m, 
6H), 5.64 (dd, J = 4.0, 2.5 Hz, 1H), 4.72 (br, 1H), 4.63 (br, 1H), 4.47-4.40 (m, 2H),  3.78-3.60 (m, 2H), 
2.45-2.29 (m, 2H), 1.50 (s, 3H), 1.36 (s, 3H). 
13C NMR (126 MHz, Methanol-d4) δ 170.3, 170.0, 138.0, 135.6, 135.5, 132.9, 132.8, 129.6, 129.6, 128.4, 
126.4, 110.5, 78.6, 78.0, 61.6, 53.6, 52.3, 36.9, 27.7, 25.5. 
HRMS (ESI-TOF, m/z) calcd. For C25H28N2NaO5 [M+Na]+ calc.: 459.1890; found: 459.1892. 
IR (ATR, neat, cm-1): 3340 (w), 2925 (w), 2480 (w), 1627 (s), 1578 (m), 1452 (s), 1429 (s), 1185 (w), 1061 
(m), 712 (m). 
 Synthesis of 1.103l: To compound 1.93l (63 mg, 0.20 mmol, 1.0 equiv.) was added 
anhydrous hydrazine (0.25 mL) and the mixture was heated and stirred at 100 °C for 12 hours under a 
nitrogen atmosphere. The reaction was cooled to room temperature and hydrazine was removed under 
reduced pressure. A degassed solution of 10% aq. sodium hydroxide (1.0 mL) was added under nitrogen 
atmosphere and the mixture was cooled to 0 °C. Benzoyl chloride (0.24 mL, 2.00 mmol, 10 equiv.) was 
added dropwise to the mixture, and the reaction was slowly warmed to room temperature. After 4 h, the 
mixture was diluted with ethyl acetate (10 mL) and water (5 mL). The aqueous phase was extracted with 
ethyl acetate (3 × 10 mL). The combined organic layers were washed with brine, dried over MgSO4, filtered, 
and concentrated under reduced pressure. The obtained residue was dissolved in degassed methanol (2.0 
mL) and samarium diiodide (5.0 mL, 0.1 M in THF, 0.50 mmol, 2.5 equiv.) was added dropwise under a 
nitrogen atmosphere. After complete addition, the reaction mixture was stirred for additional 30 min and 
was then quenched with saturated aq. NH4Cl (5 mL). The mixture was extracted with ethyl acetate (4 × 5 
mL), dried over MgSO4, and concentrated under reduced pressure. Column chromatography (SiO2, 





Rf = 0.25 (SiO2, hexanes:EtOAc = 1:2, KMnO4) 
m.p. = 278–280 ºC 
1H NMR (500 MHz, Acetone-d6) δ 8.67 (d, J = 8.0 Hz, 1H), 8.53 (d, J = 8.5 Hz, 1H),  8.08 (br, 1H), 8.04 
(dd, J = 8.5, 1.5 Hz, 2H), 7.99 (dd, J = 8.5, 1.5 Hz, 2H), 7.91 (dd, J = 8.5, 1.5 Hz, 2H), 7.60-7.40 (m, 9H), 
5.85 (d, J = 5.0 Hz, 1H), 4.71 (br, 1H), 4.64 (dd, J = 6.5, 3.5 Hz, 1H), 4.61 (br, 1H), 4.52 (dd, J = 6.5, 3.5 
Hz, 1H), 4.12 (s, 2H), 1.39 (s, 3H), 1.31 (s, 3H). 
13C NMR (126 MHz, Methanol-d4) δ 170.4, 170.2, 170.0, 137.0, 135.5, 135.4, 135.3, 132.9, 132.8, 132.7, 
129.6, 129.6, 129.5, 128.5, 128.4, 128.3, 125.9, 110.4, 78.5, 77.9, 52.3, 51.8, 42.9, 27.7, 25.5. 
HRMS (ESI-TOF, m/z) calcd. For C31H32N3O5 [M+H]+ calc.: 526.2336; found: 526.2338. 
IR (ATR, neat, cm-1): 2921 (s), 2851 (m), 1628 (m), 1579 (w), 1453 (m), 1429 (m), 1262 (w), 1071 (w), 
801 (w), 709 (w). 
Synthesis of 1.103m: Following the general procedure H, the title compound was isolated 
by flash chromatography (SiO2, hexanes:EtOAc = 1:1) as a white solid (42.5 mg, 0.09 mmol, 45%). 
Rf = 0.35 (SiO2, hexanes:EtOAc = 1:1, KMnO4) 
m.p. = 269–271 ºC 
1H NMR (500 MHz, Acetone-d6) δ 8.91 (d, J = 8.0 Hz, 1H), 8.78 (d, J = 8.0 Hz, 1H), 8.10-8.02 (m, 4H), 
7.63-7.52 (m, 6H), 6.37 (dd, J = 5.5, 1.0 Hz, 1H), 4.72 (d, J = 3.0 Hz, 1H), 4.70 (d, J = 3.0 Hz, 1H), 4.63 
(d, J = 6.0 Hz, 1H), 4.58 (dd, J = 6.0, 3.0 Hz, 1H), 1.45 (s, 3H), 1.35 (s, 3H). 
13C NMR (126 MHz, Acetone-d6) 167.4, 166.9, 135.0, 134.9, 132.6, 132.4, 130.3, 130.2, 129.4, 129.3, 
128.2, 128.1, 124.3, 120.4, 109.3, 78.8, 76.7, 57.2, 51.4, 27.8, 25.5. 
HRMS (ESI-TOF, m/z) calcd. For C23H24BrN2O4 [M+H]+ calc.: 471.0914; found: 471.0916. 
IR (ATR, neat, cm-1): 3283 (m), 2924 (s), 2463 (w), 1638 (s), 1579 (w), 1535 (s), 1452 (w), 1342 (w), 1213 





1.9.11. General procedure I for hydrogenation of dearomatized naphthalene diols.  
 
A mixture of diol 1.91 (0.25 mmol, 1.0 equiv.) and hydrazine hydrate (250.3 mg, 5.0 mmol, 20 equiv.) was 
stirred at 100 °C for 12 h. The reaction was cooled down to 50 °C and volatiles were removed under reduced 
pressure. The crude reaction mixture was dissolved in ethanol (1.0 mL) and Raney®-Nickel (0.1 mL, W.R. 
Grace and Co. Raney® 2400, slurry, in H2O) was added via syringe. The reaction mixture was stirred under 
an atmosphere of H2 (balloon) at 50 °C for 8 hours and the crude emulsion was directly subjected to 
purification by column chromatography (SiO2, hexanes:EtOAc mixtures) to yield the corresponding 
diaminodiols 1.104. 
 Synthesis of 1.104a: Following the general procedure I, the title compound was isolated by 
flash chromatography (SiO2, EtOAc:MeOH = 1:0 → 5:1) as a colorless amorphous solid (29 mg, 0.15 
mmol, 75%). 
Rf = 0.27 (SiO2, CH2Cl2:MeOH = 3:1, ninhydrin) 
1H NMR (500 MHz, Methanol-d4) δ 7.47 (dd, J = 5.7, 3.4 Hz, 1H), 7.31 (dd, J = 5.8, 3.3 Hz, 1H), 4.07 (d, 
J = 5.8 Hz, 1H), 4.01 – 3.95 (m, 1H). 
13C NMR (126 MHz, Methanol-d4) δ 137.5, 129.3, 128.8, 73.6, 55.1. 
HRMS (ESI-TOF, m/z) calcd. For C10H14N2O2 [M-H+] calc.: 193.0977; found: 193.0976. 





 Synthesis of 1.104b: Following the general procedure I, the title compound was isolated by 
flash chromatography (SiO2, EtOAc:MeOH = 1:0 → 9:2) as a colorless amorphous solid (45 mg, 0.16 
mmol, 82%). 
Rf = 0.1 (SiO2, CH2Cl2:MeOH = 4:1, ninhydrin) 
1H NMR (400 MHz, Methanol-d4) δ 7.65 (d, J = 2.0 Hz, 1H), 7.42 (dd, J = 8.3, 2.0 Hz, 1H), 7.36 (d, J = 
8.3 Hz, 1H), 3.99 (d, J = 6.1 Hz, 2H), 3.95 – 3.86 (m, 2H). 
13C NMR (126 MHz, Methanol-d4) δ 140.8, 137.2, 132.3, 131.7, 131.4, 122.4, 111.2, 73.7, 54.8 . 
HRMS (ESI-TOF, m/z) calcd. For C10H14N2O2Br [M+H]+ calc.: 273.0239; found: 273.0237. 
IR (ATR, neat, cm-1): 3277 (w), 2923 (w), 2466 (w), 1678 (m), 1591 (s), 1567 (s), 1439 (m), 1082 (m), 789 
(s), 742 (s). 
 Synthesis of 1.104c: Following the general procedure I, the title compound was isolated 
by flash chromatography (SiO2, EtOAc:MeOH = 1:0 → 9:2) as a colorless amorphous solid (33 mg, 0.12 
mmol, 60%). 
Rf = 0.05 (SiO2, CH2Cl2:MeOH:NEt3 = 50:10:1, ninhydrin) 
1H NMR (500 MHz, Methanol-d4) δ 7.82 (dd, J = 2.3, 1.1 Hz, 1H), 7.72 (dd, J = 8.4, 2.1 Hz, 1H), 7.56 – 
7.45 (m, 1H), 4.53 (d, J = 5.8 Hz, 1H), 4.50 (d, J = 5.5 Hz, 1H), 4.32 (dd, J = 5.6, 1.8 Hz, 2H). 
13C NMR (126 MHz, Methanol-d4) δ 134.5, 134.1, 132.7, 131.6, 131.3, 124.8, 69.3, 69.2, 54.1, 54.0. 
HRMS (ESI-TOF, m/z) calcd. For C10H13BrN2O2 [M+H]+ calc.: 273.0233; found: 273.0228. 






 Synthesis of 1.104d: Following the general procedure I, the title compound was isolated 
by flash chromatography (SiO2, EtOAc:MeOH = 1:0 → 9:2) as a colorless amorphous solid (37 mg, 0.16 
mmol, 81%). 
Rf = 0.05 (SiO2, CH2Cl2:MeOH:NEt3 = 50:10:1, ninhydrin) 
1H NMR (500 MHz, Methanol-d4) δ 7.53 (dt, J = 7.8, 1.2 Hz, 1H), 7.38 (dt, J = 7.9, 0.9 Hz, 1H), 7.32 (t, 
J = 7.8 Hz, 1H), 4.30 (d, J = 3.2 Hz, 1H), 4.13 – 4.06 (m, 2H), 3.90 (dd, J = 9.3, 2.1 Hz, 1H). 
13C NMR (126 MHz, Methanol-d4) δ 141.4, 136.2, 136.0, 129.8, 129.6, 127.3, 74.8, 72.4, 54.7, 53.3. 
HRMS (ESI-TOF, m/z) calcd. For C10H14N2O2Br [M+H]+ calc.: 227.0587; found: 227.0586. 
IR (ATR, neat, cm-1): 3286 (w), 2920 (w), 1595 (s), 1438 (m), 1095 (s), 972 (m), 788 (s), 742 (s). 
 
 Synthesis of 1.104e: Following the general procedure I, the title compound was isolated by 
flash chromatography (SiO2, EtOAc:MeOH = 1:0 → 9:1) as a yellow oil (40 mg, 0.13 mmol, 66%). 
Rf = 0.36 (SiO2, CH2Cl2:MeOH = 3:1, KMnO4) 
1H NMR (500 MHz, Methanol-d4) δ 7.36 (d, J = 8.8 Hz, 1H), 6.56 (d, J = 8.8 Hz, 1H), 4.50 (d, J = 3.2 Hz, 
1H), 4.43 (d, J = 3.2 Hz, 1H), 4.30 – 4.22 (m, 2H), 2.79 (s, 3H). 
13C NMR (126 MHz, Methanol-d4) δ 147.1, 136.6, 132.7, 123.5, 112.1, 108.6, 68.1, 68.0, 56.5, 51.2, 30.7. 
HRMS (ESI-TOF, m/z) calcd. For C14H15BrN4O4 [M+H]+ calc.: 383.0355; found: 383.0352. 
IR (ATR, neat, cm-1): 3354 (w), 2924 (w), 1682 (s), 1584 (s), 1484 (m), 1316 (w), 1206 (m), 1137 (m), 





 Synthesis of 1.104f: Following the general procedure I, the title compound was isolated 
by flash chromatography (SiO2, EtOAc:MeOH = 1:0 → 9:1) as a reddish amorphous solid (41 mg, 0.15 
mmol, 73%). 
Rf = 0.4 (SiO2, CH2Cl2 = 3:1, ninhydrin) 
1H NMR (500 MHz, Methanol-d4) δ 7.56 (dd, J = 7.7, 1.2 Hz, 1H), 7.47 – 7.36 (m, 1H), 7.32 (dd, J = 7.8 
Hz, 1H), 4.44 (d, J = 3.7 Hz, 1H), 4.14 (dd, J = 3.8, 2.4 Hz, 1H), 3.99 (d, J = 8.6 Hz, 1H), 3.88 (dd, J = 8.7, 
2.5 Hz, 1H), 3.43 (s, 3H), 3.18 (s, 3H). 
13C NMR (126 MHz, Methanol-d4) δ 142.6, 140.6, 137.3, 129.2, 128.5, 128.0, 105.9, 74.4, 72.3, 55.0, 54.3, 
49.9, 26.2. 
HRMS (ESI-TOF, m/z) calcd. For C14H21N2O4 [M-H]- calc.: 281.1501; found: 281.1492. 
IR (ATR, neat, cm-1): 3320 (w), 2925 (w), 2853 (w), 1670 (s), 1553 (m), 1458 (s), 1379 (m), 1145 (m), 875 
(w). 
 Synthesis of 1.104g: Following the general procedure I, the title compound was isolated by 
flash chromatography (SiO2, EtOAc:MeOH = 1:0 → 3:1) as a colorless oil (44 mg, 0.10 mmol, 65%). 
Rf = 0.05 (SiO2, CH2Cl2:MeOH = 2:1, ninhydrin) 
1H NMR (500 MHz, Methanol-d4) δ 7.62 – 7.57 (m, 1H), 7.50 – 7.44 (m, 2H), 7.43 – 7.32 (m, 4H), 7.13 – 
7.07 (m, 1H), 4.24 (d, J = 3.7 Hz, 1H), 4.10 (d, J = 8.6 Hz, 1H), 3.95 (dd, J = 3.7, 1.5 Hz, 1H), 3.85 (dd, J 
= 8.6, 1.5 Hz, 1H). 
13C NMR (126 MHz, Methanol-d4) δ 144.5, 142.8, 138.9, 136.4, 130.7, 130.4, 129.8, 128.7, 128.6, 128.0, 





HRMS (ESI-TOF, m/z) calcd. For C167H17N2O2 [M+H]+ calc.: 269.1290; found: 269.1285. 
IR (ATR, neat, cm-1): 3287 (w), 2923 (w), 2446 (w), 1572 (s), 1408 (m), 1071 (m), 1025 (m), 806 (m), 763 
(s), 705 (s). 
 Synthesis of 1.104h: Following the general procedure I, the title compound was 
isolated by flash chromatography (SiO2, EtOAc:MeOH = 1:0 → 5:1) as a colorless oil (62 mg, 0.23 mmol, 
91%). 
Rf = 0.2 (SiO2, CH2Cl2:MeOH = 2:1, KMnO4) 
1H NMR (500 MHz, Methanol-d4) δ 8.65 – 8.54 (m, 1H), 7.94 (dd, J = 7.7, 1.8 Hz, 1H), 7.91 – 7.80 (m, 
3H), 7.45 (d, J = 7.7 Hz, 1H), 7.35 (ddd, J = 6.7, 4.9, 1.8 Hz, 1H), 4.39 – 4.29 (m, 2H), 4.21 – 4.06 (m, 
2H). 
13C NMR (126 MHz, Methanol-d4) δ 158.9, 150.3, 139.9, 138.9, 138.6, 127.6, 127.5, 125.7, 123.7, 122.6, 
68.7, 68.6, 57.8, 57.4. 
HRMS (ESI-TOF, m/z) calcd. For C16H18NO3 [M+H]+ calc.: 272.1287; found: 272.1285. 
IR (ATR, neat, cm-1): 3224 (w), 2924 (w), 1678 (sm), 1587 (s), 1467 (s), 1434 (m), 1057 (s), 778 (s), 575 
(m). 
 Synthesis of 1.104i: Following the general procedure I, the title compound was isolated 
by flash chromatography (SiO2, EtOAc:MeOH = 1:0 → 5:1) as a colorless, amorphous solid (27 mg, 0.11 
mmol, 72%).  





1H NMR (500 MHz, Methanol-d4) δ 8.22 (s, 1H), 8.07 (dd, J = 8.5, 1.1 Hz, 1H), 7.98 (dd, J = 8.3, 1.4 Hz, 
1H), 7.76 (ddd, J = 8.4, 6.9, 1.4 Hz, 1H), 7.61 (ddd, J = 8.1, 6.9, 1.1 Hz, 1H), 4.48 (dd, J = 7.8, 4.0 Hz, 1H), 
4.40 (dd, J = 7.8, 3.8 Hz, 1H), 4.28 (d, J = 3.7 Hz, 1H), 4.25 (d, J = 3.9 Hz, 1H).  
13C NMR (126 MHz, Methanol-d4) δ 159.4, 148.3, 134.8, 131.1, 130.7, 130.0, 129.3, 128.8, 127.6, 69.0, 
68.6, 59.7, 57.3.  
HRMS (ESI-TOF, m/z) calcd. For C13H14N3O2 [M+H]+ calc.: 244.1086; found: 244.1083. 
IR (ATR, neat, cm-1): 2925 (w), 1662 (m), 1502 (s), 1417 (m), 1055 (s), 755 (s), 482 (m). 
 Synthesis of 1.104j: Following the general procedure I, the title compound was isolated 
by flash chromatography (SiO2, EtOAc:MeOH = 1:0 → 9:1) as amorphous solid (31 mg, 0.5 mmol, 63%). 
Rf = 0.3 (SiO2, CH2Cl2:MeOH = 3:1, ninhydrin) 
1H NMR (500 MHz, Methanol-d4) δ 8.18 (d, J = 8.6 Hz, 1H), 7.83 (dd, J = 12.9, 8.4 Hz, 2H), 7.71 (d, J = 
8.6 Hz, 1H), 7.60 – 7.53 (m, 1H), 7.47 (dd, J = 7.5 Hz, 1H), 4.71 (d, J = 3.1 Hz, 1H), 4.20 (dd, J = 3.1, 
2.1  Hz, 1H), 4.14 (d, J = 8.9 Hz, 1H), 4.02 (dd, J = 8.9, 2.1 Hz, 1H). 
13C NMR (126 MHz, Methanol-d4) δ 136.3, 134.6, 133.3, 132.7, 129.6, 129.3, 127.8, 126.6, 125.9, 124.7, 
75.8, 73.0, 53.9, 53.3. 
HRMS (ESI-TOF, m/z) calcd. For C18H17N4O4 [M+H]+ calc.: 353.1244; found: 353.1244. 
IR (ATR, neat, cm-1): 3253 (w), 3054 (w), 2922 (w), 1683 (s), 1597 (w), 1265 (m), 1058 (m), 1024 (m), 
810 (m), 733 (s). 
1.9.12. Procedures for small molecule synthetic intermediates. 
 Synthesis of 1.106: To a diol 1.93a (50 mg, 0.19 mmol, 1.0 equiv.) was added anhydrous 





under reduced pressure. The crude residue was dissolved in tetrahydrofuran (1.9 mL) and 2,2,2-
trichloroethyl hydroxycarbamate (47 mg, 0.23 mmol, 1.2 equiv.), CuCl (19 mg, 0.19 mmol, 1.0 equiv.) and 
pyridine (0.30 mL, 0.38 mmol, 2.0 equiv.) were successively added and the reaction mixture was stirred for 
5 hours at ambient temperature and open to air. Saturated aq. ammonium chloride solution (2 mL) and 
EtOAc (3 mL) were added. Phases were separated and the aqueous layer was extracted with EtOAc (3 × 
5 mL). The combined organic layers were washed with brine (5 mL), dried over MgSO4, and concentrated 
under reduced pressure. Purification by flash chromatography (SiO2, hexanes:EtOAc = 10:1) yielded the 
title compound (56 mg, 0.16 mmol, 83%) as a colorless solid. 
Rf = 0.56 (SiO2, hexanes:EtOAc = 2:1, CAM) 
m.p. = 116–117 °C 
1H NMR (500 MHz, CDCl3) δ 6.53 – 6.47 (m, 1H), 6.43 (ddd, J = 8.2, 5.8, 1.9 Hz, 1H), 5.12 (ddd, J = 5.9, 
4.0, 1.9 Hz, 1H), 4.96 (ddd, J = 6.0, 4.3, 1.7 Hz, 1H), 4.86 (d, J = 12.0 Hz, 1H), 4.67 (d, J = 11.9 Hz, 1H), 
4.59 (dd, J = 7.0, 4.2 Hz, 1H), 4.55 (dd, J = 7.0, 4.1 Hz, 1H), 1.31 (s, 3H), 1.31 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 155.5, 130.3, 129.4, 111.1, 94.7, 75.0, 72.8, 72.2, 71.5, 53.0, 25.4, 25.3. 
HRMS (EI+, m/z) calcd. For C12H15O5NCl3 [M]+ calc.: 358.0018; found: 358.0007. 
IR (ATR, neat, cm-1): 2992 (w), 2940 (w),1730 (s), 1390 (m), 1378 (m), 1207 (m), 1240 (s), 1121 (m), 
1071 (s), 832 (m), 763 (m), 714 (s). 
 Synthesis of conduramine A (1.107): A solution of compound 1.106 (86 mg, 0.24 mmol, 1.0 
equiv.) in acetic acid was treated with activated zinc (156 mg, 2.40 mmol, 10 equiv.) and sonicated for 
30 minutes. After stirring for additional 90 minutes, the crude mixture was passed through a plug of Celite® 
and volatiles were removed under reduced pressure. A mixture of trifluoroacetic acid and water (6:1, 1.5 
mL) was added and resulting solution was stirred for 1 hour at ambient temperature. A saturated solution 





Purification by flash chromatography (CH2Cl2:MeOH = 5:1) yielded the title compound  as a colorless oil 
(27 mg, 0.19 mmol, 78%). 
Rf = 0.31 (SiO2, CH2Cl2:MeOH= 3:1, ninhydrin) 
1H NMR (500 MHz, Methanol-d4) δ 5.68 (m, 2H), 4.08 (dd, J = 3.7, 2.0 Hz, 1H), 3.79 (dd, J = 3.7, 2.1 Hz, 
1H), 3.59 (dd, J = 6.9, 2.1 Hz, 1H), 3.38 (d, J = 6.9 Hz, 1H). 
13C NMR (126 MHz, Methanol-d4) δ 132.3, 125.6, 74.3, 70.3, 69.2, 52.1. 
HRMS (EI+, m/z) calcd. For C6H12O3N [M+H]+ calc.: 146.0812; found: 146.0807. 
IR (ATR, neat, cm-1): 3279 (w), 2917 (w), 1584 (m, 1393 (m), 1353 (m), 1260 (m), 1020 (s), 1059 (s), 739 
(m). 
 Synthesis of 1.98e': A mixture of acetonide 1.98e (103 mg, 0.57 mmol, 1.0 equiv.), 
imidazole (192 mg, 2.83 mmol, 5.0 equiv.) and tert-butyldimethylsilyl chloride (213 mg, 1.41 mmol, 
2.5 equiv.) in dichloromethane (4 mL) was stirred at ambient temperature for 2 h. Water (2.0 mL) was 
added and crude mixture was extracted with dichloromethane (3 × 5 mL). The combined organic layer were 
washed with brine (5 mL), dried over MgSO4 and concentrated under reduced pressure. Purification by 
column chromatography (SiO2, hexanes:EtOAc = 40:1) yielded the TBS-protected diene 1.98e' (155 mg, 
0.55 mmol, 92%) as a colorless oil. 
Rf = 0.55 (SiO2, hexanes:EtOAc = 20:1, KMnO4) 
1H NMR (500 MHz, CDCl3) δ 5.90 (dd, J = 1.5 Hz, 2H), 5.83 (ddd, J = 3.9, 1.3 Hz, 1H), 4.70 – 4.65 (m, 
2H), 4.18 – 4.17 (m, 2H), 1.41 – 1.39 (m, 6H), 0.91 (s, 9H), 0.07 (s, 6H). 
13C NMR (126 MHz, CDCl3) δ 136.1, 126.4, 124.2, 118.5, 105.1, 71.3, 70.9, 65.1, 27.2, 26.3, 25.1, 18.7, -
4.9, -4.9. 
HRMS (ESI-TOF, m/z) calcd. For C9H11N3O2Br [M+H]+ calc.: 353.1760; found: 272.0035. 
IR (ATR, neat, cm-1): 2956 (w), 2986 (w), 2930 (w), 2857 (w), 1472 (w), 1370 (w), 1252 (m), 1082 (m), 





 Synthesis of 1.108: TBS-protected diene 1.98e' (50 mg, 0.17 mmol, 1.0 equiv.), 
citric acid (16 mg, 0.084 mmol, 0.5 equiv.) and NMO (22 mg, 0.19 mmol, 1.1 equiv.) were dissolved in 
acetone:H2O (10:1, 1.1 mL) and cooled to 0 °C. OsO4 (42.5 μL, 0.2 M in acetonitrile, 8.5 µmol 5.0 mol%,) 
was added and the reaction was allowed to warm to room temperature and stirred for 3 hours. A saturated 
solution of Na2S2O3 solution (0.2 mL) was added. The reaction mixture was concentrated and extracted 
with EtOAc (3 × 5 mL), dried over Mg2SO4 and concentrated under reduced pressure. Purification by flash 
chromatography (SiO2, hexanes:EtOAc = 6:1 → 4:1 → 3:1) yielded the diol (1.108, 36 mg, 0.11 mmol, 
65%) as a colorless liquid. 
Rf = 0.15 (SiO2, hexanes:EtOAc = 2:1, KMnO4) 
1H NMR (500 MHz, CDCl3) δ 5.84 (dt, J = 3.9, 1.5 Hz, 1H, H-3), 4.70 (dd, J = 6.0, 3.9 Hz, 1H, H-4), 4.38 
– 4.37 (dd, J = 7.5, 6.0 Hz, 1H, H-5), 4.34 (dd, J = 13.4, 1.5 Hz, 1H, H-1), 4.29 (d, J = 3.7 Hz, 1H, H-7), 
4.24 (dd, J = 13.4, 1.5 Hz, 1H, H-1), 3.89 (dd, J = 7.5, 3.7 Hz, 1H, H-6), 3.10 (s, 1H), 2.70 (s, 1H), 1.44 (s, 
3H), 1.39 (s, 3H), 0.90 (s, 9H), 0.09 (s, 6H). 
13C NMR (126 MHz, CDCl3) δ 140.4, 121.2, 109.6, 76.0, 72.4, 71.5, 67.7, 65.6, 28.2, 26.0, 18.4, -5.3 (d, J 
= 2.9 Hz). 
HRMS (ESI-TOF, m/z) calcd. For C16H30O5SiNa [M+Na]+ calc.: 353.1760; found: 353.1761. 
IR (ATR, neat, cm-1): 3423 (w), 2930 (w), 2858 (w), 1742 (w), 1372 (m), 1250 (m), 1252 (m), 1157 (m), 
1054 (s), 835 (s), 776 (m). 
 Synthesis of (±)-MK7607 (1.109): Acetonide 1.108 (70.3 mg, 0.21 mmol) was dissolved 
in mixture of TFA:H2O (6:1, 1.5 mL) and stirred for 2 hours at ambient temperature. The crude mixture 
was concentrated under reduced pressure and purified by column chromatography (SiO2, CH2Cl2:MeOH = 





Rf = 0.1 (SiO2, CH2Cl2:MeOH = 3:1, KMnO4)   
m.p. = 158–159 °C 
1H NMR (500 MHz, Methanol-d4) δ 5.79 (dt, J = 4.6, 1.6 Hz, 1H), 4.26 (ddd, J = 4.4, 1.3 Hz, 1H), 4.21 (d, 
J = 3.7 Hz, 1H), 4.13 (m, 2H), 3.87 (dd, J = 9.5, 3.9 Hz, 2H), 3.83 (dd, J = 9.5, 3.7 Hz, 1H). 
13C NMR (126 MHz, Methanol-d4) δ 142.1, 125.0, 70.8, 70.5, 68.2, 67.7, 63.8. 
HRMS (ESI-TOF, m/z) calcd. For C7H11O5 [M+H]+ calc.: 175.0606; found: 175.0605. 
IR (ATR, neat, cm-1): 3360 (w), 2908 (w), 2885 (w), 2499 (s), 2406 (s), 1146 (w), 1394 (w), 1349 (m), 
1093 (s), 1001 (m), 953 (m), 700 (m). 
 Synthesis of 1.110: Compound 1.98m (215 mg, 0.93 mmol) was dissolved in a mixture 
of acetone:H2O (4:1, 5 mL). N-methylmorpholine N-oxide (131 mg, 1.12 mmol, 1.2 equiv.) was then added, 
and the mixture was cooled to 0 °C.  A solution of OsO4 in acetonitrile (0.2 M, 0.23 mL, 0.047 mmol, 5 
mol%) was then added and the solution was stirred at room temperature for 2 hours.  The reaction was 
quenched via the addition of saturated sodium thiosulfate solution (3.0 mL) and diluted with EtOAc (10 
mL). Layers were separated and the aqueous layer extracted with EtOAc (3 × 10 mL). Combined organic 
layers were dried over MgSO4, and concentrated under reduced pressure. Purification by column 
chromatography (SiO2, hexanes/EtOAc = 1:1) yielded 1.110 as a white solid (220 mg, 0.83 mmol, 89%). 
Rf = 0.26 (SiO2, hexanes:EtOAc = 1:1, KMnO4) 
m.p. = 86–88 °C 
1H NMR  (500 MHz, CDCl3) δ 6.25 (d, J = 3.8 Hz, 1H), 4.65 (ddd, J = 5.8, 3.9, 1.1 Hz, 1H), 4.41 (t, J = 
5.8 Hz, 1H), 4.40 – 4.35 (m, 1H), 4.27 – 4.21 (m, 1H), 2.81 (br, 1H), 2.75 (br, 1H), 1.45 (s, 3H), 1.40 (s, 
3H). 
13C NMR (126 MHz, CDCl3) δ 129.0, 126.3, 110.3, 75.1, 73.3, 70.6, 70.5, 28.1, 26.3. 





IR (ATR, neat, cm-1): 3401 (w), 2986 (w), 2932 (w), 1644 (w), 1373 (m), 1216 (s), 1045 (s), 883 (m), 731 
(m), 690 (m), 616 (m), 521 (m). 
 Synthesis of 1.110’: Pd(PPh3)4 (4.6 mg, 3.75 µmmol, 5.0 mol%), CuI (1.4 mg, 75 
µmmol, 10 mol%), and 1.10 (20 mg, 0.075 mmol, 1.0 equiv.) were dissolved in Et3N (0.75 mL) under 
nitrogen atmosphere. Alkyne 1.1165 (20 mg, 151 µmol, 2.0 equiv.) was dissolved in benzene (151 µL) and 
added dropwise and the resulting solution was stirred at 80 °C overnight under a nitrogen atmosphere. The 
reaction was then diluted with EtOAc (5 mL) and water (5 mL). The aqueous layer was extracted with 
EtOAc (3 × 5 mL) and the combined organic layers dried over MgSO4 and concentrated under reduced 
pressure. Column chromatography (SiO2, hexanes/EtOAc = 1:1) gave 1.110’ as a colorless oil (19 mg, 
0.06 mmol, 79%). 
Rf = 0.35 (SiO2, hexanes:EtOAc = 1:1, KMnO4) 
1H NMR  (500 MHz, CDCl3) δ 6.16 (d, J = 3.9 Hz, 1H), 5.43 (d, J = 1.6 Hz, 1H), 5.33 (d, J = 1.6 Hz, 1H), 
5.14 (m, 1H), 4.74 (ddd, J = 6.0, 3.9, 1.0 Hz, 1H), 4.42 (t, J = 6.0 Hz, 1H), 4.32 (d, J = 2.8 Hz, 1H), 4.15 
(dd, J = 6.0, 3.5 Hz, 1H), 2.80 (br, 2H), 2.24 (s, 3H), 1.72 (s, 3H), 1.65 (s, 3H), 1.44 (s, 3H), 1.40 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 133.0, 132.2, 130.9, 124.0, 122.8, 122.5, 109.8, 92.6, 86.6, 75.2, 71.9, 70.3, 
67.9, 37.3, 28.0, 27.0, 26.1, 25.9, 18.0. 
HRMS (ESI-TOF, m/z) calcd. For C19H26O4Na [M+Na]+ calc.: 341.1729; found: 341.1727. 





  Synthesis of 3-O-desmethyl-phomentrioloxin (1.112): Compound 1.110' (10 mg, 31 
µmol) was dissolved in glacial acetic acid (0.5 mL) and water (0.1 mL). The mixture was stirred for 12 
hours at 70 °C. The crude mixture was then concentrated under reduced pressure and purified by column 
chromatography (SiO2, CH2Cl2:MeOH = 9:1)  to give 1.112 as a colorless oil (7 mg, 25 µmol, 80%). 
Rf = 0.25 (SiO2, CH2Cl2:MeOH = 9:1, KMnO4) 
1H NMR  (500 MHz, Methanol-d4) δ 6.03 (d, J = 4.2 Hz, 1H), 5.30 (d, J = 1.9 Hz, 1H), 5.25 (d, J = 1.9 Hz, 
1H), 5.11 (ddt, J = 7.1, 4.3, 1.5 Hz, 1H), 4.30 (dd, J = 4.2, 1.9 Hz, 1H), 4.20 (d, J = 2.5 Hz, 1H), 3.91 – 
3.89 (m, 2H), 2.27 – 2.15 (m, 4H), 1.67 (s, 3H), 1.63 (s, 3H). 
13C NMR (126 MHz, Methanol-d4) δ 135.1, 131.9, 131.8, 124.8, 123.3, 120.6, 89.6, 88.3, 69.7, 69.3, 69.0, 
66.3, 37.3, 26.7, 24.7, 16.7. 
HRMS (ESI-TOF, m/z) calcd. For C17H23O6 [M+HCOO]- calc.: 323.1500; found: 323.1483. 
IR (ATR, neat, cm-1): 3367 (s), 2923 (m), 1667 (w), 1380 (m), 1251 (m), 1093 (s), 1037 (m), 915 (m), 835 
(w), 638 (w). 
1.9.13. Frontier molecular orbital analysis of arenophile compounds.  
Calculations were performed at University of Illinois using Gaussian 0935a at the B3LYP35b level of density 
functional theory with the 6-31G(d)35c,d basis set. All structures were fully optimized [B3LYP/6-
311+G(d,p)] and verified to be local minima by the existence of no imaginary frequencies. Frontier 
molecular orbital (FMO) energies were calculated using the DFT-based method that includes empirical 
linear correction factors to improve the accuracy of computed values35e. 







Crystallographic data for 1.91a. 
 
Identification code  CCDC 1455842 
Empirical formula  C13 H13 N3 O4 
Formula weight  275.26 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 8.0402(2) Å α = 74.7910(10)°. 
 b = 12.1595(3) Å β = 79.4260(10)°. 
 c = 12.8145(3) Å γ = 89.4650(10)°. 
Volume 1187.40(5) Å3 
Z 4 
Density (calculated) 1.540 Mg/m3 
Absorption coefficient 0.981 mm-1 
F(000) 576 
Crystal size 0.340 x 0.178 x 0.072 mm3 





Index ranges -9<=h<=9, -14<=k<=14, -15<=l<=15 
Reflections collected 32642 
Independent reflections 4352 [R(int) = 0.0358] 
Completeness to theta = 67.679° 99.7 %  
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4352 / 0 / 374 
Goodness-of-fit on F2 1.041 
Final R indices [I>2sigma(I)] R1 = 0.0400, wR2 = 0.0898 
R indices (all data) R1 = 0.0483, wR2 = 0.0944 
Extinction coefficient 0.0057(3) 
Largest diff. peak and hole 0.415 and -0.400 e.Å-3 
Crystallographic data for compound 1.93a. 
 
 
Identification code  CCDC 1455841 
Empirical formula  C12 H15 N3 O4 
Formula weight  265.27 
Temperature  100(2) K 
Wavelength  0.71073 Å 





Space group  P21/n 
Unit cell dimensions a = 9.7630(2) Å α = 90°. 
 b = 10.5923(2) Å β = 109.5087(8)°. 
 c = 12.5165(2) Å γ = 90°. 
Volume 1220.06(4) Å3 
Z 4 
Density (calculated) 1.444 Mg/m3 
Absorption coefficient 0.110 mm-1 
F(000) 560 
Crystal size 0.576 x 0.565 x 0.549 mm3 
Theta range for data collection 2.308 to 30.649°. 
Index ranges -13<=h<=14, -15<=k<=15, -17<=l<=17 
Reflections collected 30514 
Independent reflections 3726 [R(int) = 0.0215] 
Completeness to theta = 25.242° 99.8 %  
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3726 / 0 / 172 
Goodness-of-fit on F2 1.070 
Final R indices [I>2sigma(I)] R1 = 0.0380, wR2 = 0.1136 
R indices (all data) R1 = 0.0415, wR2 = 0.1216 
Extinction coefficient n/a 
Largest diff. peak and hole 0.666 and -0.372 e.Å-3 
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CHAPTER 2. TOTAL SYNTHESIS OF LYCORICIDINE AND NARCICLASINE† 
2.1. Introduction.  
The Amaryllidaceae alkaloids, compounds isolated from the Amaryllidaceae family of flowers, 
represent a large class of natural products with potent biological activity and diverse structural complexity. 
The flowers that produce these compounds, particularly Narcissus poeticus, have been utilized in traditional 
medicine for thousands of years, and were employed in the treatment of tumors as early as the 400s B.C.1 
More than 100 different alkaloids have been isolated from this family of plants, and their activities range 
from cytotoxic to analgesic and antiviral.2 The isocarbostyril alkaloids, including (+)-lycoricidine (2.1) and 
(+)-narciclasine (2.2) represent a subclass within this family of natural products that has attracted significant 
interest due to their potential as anti-tumor agents.3 Lycoricidine and narciclasine have both been shown to 
exhibit sub-micromolar inhibitory activity against a number of cancer cell lines (Scheme 2.1). 3 
 
Scheme 2.1. Amaryllidaceae isocarbostyril alkaloids and selected biological activity. 
In 2013, it was shown that narciclasine (2.2) binds to elongation factor 1 alpha (EF1A), which has 
been associated with cancer cell growth, particularly in brain tumors.4 Narciclasine has also been reported 
to interfere with protein synthesis through interaction with the 60-S subunit of the ribosome.5 Other known 
†Portions of this chapter are reproduced from the following publication with permission from the 






effects of these natural products include activation of the death receptor pathway through acting on initiator 
caspases, resulting in apoptosis.3 Aside from their anti-tumor activity, lycoricidine and narciclasine exhibit 
plant growth inhibition through their action on isocitrate lyase and hydroxypyruvate reductase, and they 
show anti-inflammatory activity via NF–α inhibition.6,7  
2.2. Isolation and biosynthesis of Amaryllidaceae alkaloids.  
The isolation of these alkaloids from the plants that produce them is varying in terms of its success. 
The species of flower, as well as the location in which they are grown, has a significant effect on the amount 
of lycoricidine and narciclasine recovered during the isolation process. Between 1.5 and 200 mg/kg of either 
lycoricidine or narciclasine have been isolated from species such as N. incomparabilis, H. littoralis, and L. 
radiata, either individually or together.3 
 
Scheme 2.2. Representative biosynthesis of Amaryllidaceae isocarbostyril alkaloids. 
Their biosynthesis has been elucidated (Scheme 2.2), and proceeds through the key intermediate O-





amination of aldehyde 2.5 with tyramine 2.6.1 For narciclasine as a representative example, intramolecular 
oxidative coupling of 2.7 forms spirocyclic cyclohexadienone 2.8. Aza-Michael reaction to give 2.9, 
followed by a series of oxidation and reduction steps affords precursor 2.10 which can fragment open to 
give α–aminoaldehyde 2.11. This intermediate is transformed to narciclasine (2.2) after further oxidation. 
2.3. Prior synthetic approaches to lycoricidine.  
The compelling biological activity and tetrafunctionalized aminocyclitol core structure of these 
natural products have inspired numerous synthetic efforts over recent decades. Prior to our work in this 
area, there had been twelve total and formal syntheses of lycoricidine (2.1) (Table 2.1).8 Selected syntheses 
from this body of work will be described in detail below.  
Table 2.1. Tabulated summary of previous syntheses of lycoricidine (2.1). 
 
2.3.1. Ohta and coworkers – (±)-lycoricidine, 1975. The first synthesis of (±)-lycoricidine (2.1) was 
accomplished in 1975 by Ohta and coworkers (Scheme 2.3).9 Their strategy started from piperonal-derived 
allyl alcohol 2.12. Cyclization with ethyl acrylate, followed by epimerization to afford the trans isomer and 
hydrolysis of the ethyl ester produced carboxylic acid 2.13. Modified Curtius rearrangement to form the 
isocyanate, followed by cyclization under Lewis acidic conditions afforded the core structure 2.14, which 
was modified through a series of steps to produce lactone 2.15. From 2.15, hydrolysis of the lactone and 
formation of the lactam under basic conditions, followed by synthesis of the allylic alcohol under Sharpless’ 





osmium(VIII) oxide and acetonide protection gave fully-functionalized intermediate 2.17, which was 
transformed to (±)-lycoricidine (2.1) by elimination to form 2.18 and subsequent deprotection (yields not 
given).  
 
Scheme 2.3. Synthesis of (±)-lycoricidine (2.1) by Ohta and coworkers in 1975. 
2.3.2. Paulsen and Stubbe – (+)-lycoricidine, 1982. In 1982, Paulsen and Stubbe accomplished the first 
asymmetric synthesis of (+)-lycoricidine (2.1), starting from sugar derivative 2.19 (Scheme 2.4).10 Addition 
of nitromethane into the aldehyde to form 2.20, followed by elimination, gave α,β–unsaturated nitro 
compound 2.21. Formation of the organolithium compound 2.22 and conjugate addition into 2.21 gave 2.23 
in a mixture of diastereomers. Acidic conditions resulted in cleavage of the acetonide and opening of the 
lactol; addition of the nitroalkane α–position into the revealed aldehyde gave lactone 2.24. This intermediate 





groups were benzoyl protected to afford 2.26. Elimination, followed by aminolysis to cleave the benzoyl 
groups, afforded (+)-lycoricidine 2.1.  
 
Scheme 2.4. Synthesis of (+)-lycoricidine (2.1) by Paulsen and coworkers in 1982. 
2.3.3. Hudlicky and coworkers – (+)-lycoricidine, 1992. An important advance in the synthesis of 
Amaryllidaceae alkaloids was the use of microbial arene oxidation products as starting materials. The first 
of such syntheses was accomplished by Hudlicky and coworkers in 1992 (Scheme 2.5).11 From 
bromobenzene (2.26), dearomative dihydroxylation by Psuedomonas putida, subsequent acetonide 
protection, and nitroso-Diels–Alder reaction with the nitroso derived from Cbz-protected hydroxylamine 





acylation with acid chloride 2.28 gave aminocyclitol 2.29. In the key step to form the fused core, 
intramolecular Heck reaction gave protected lycoricidine intermediate 2.30 after cleavage of the Cbz 
protecting group, which was transformed to (+)-lycoricidine (2.1) after global deprotection. Importantly, 
this synthesis represented the shortest synthesis of lycoricidine prior to our approach.  
 
Scheme 2.5. Synthesis of (+)-lycoricidine (2.1) accomplished by Hudlicky and coworkers (1992). 
2.3.4. Keck and coworkers – (–)-lycoricidine, 1996 and (+)–lycoricidine, 1999. The use of radical 
chemistry in the synthesis of Amaryllidaceae alkaloids was pioneered by Keck and coworkers, who 
accomplished the synthesis of both (+)- and (–)-lycoricidine 2.1 in 1999 (Scheme 2.6).12 Their initial studies 
for the synthesis of (–)-lycoricidine, reported in 1996, began with D-lyxose 2.31, which was protected in a 
series of steps to afford acetonide 2.32.13 Opening of the lactol and condensation with benzyl-protected 
hydroxylamine gave an oxime, which was transformed into alkyne 2.33 via Corey–Fuchs reaction. 
Sonogashira coupling with piperonyl bromide 2.34, cleavage of the silyl ether, and oxidation afforded 
precursor 2.35; reaction with thiophenol in the presence of visible light induced radical cyclization to give 
vinyl thioether 2.37. This compound was transformed into (–)-lycoricidine (2.1) through cleavage of the 






Scheme 2.6. Synthesis of (–)-lycoricidine (2.1) accomplished by Keck and coworkers (1996). 
This same strategy was then applied to the synthesis of the natural enantiomer of lycoricidine by choosing 
an alternative sugar starting material, 2.37 (Scheme 2.7). Through an improved process, which decreased 
the step count, enantiomeric cyclization precursor 2.38 was produced, and the natural isomer of lycoricidine 
(2.1) was accessed using the aforementioned strategy.  
 
Scheme 2.7. Keck and coworkers' improved route to (+)-lycoricidine (2.1) (1999). 
2.3.5. Banwell and coworkers – (–)-lycoricidine, 2007. Finally, Banwell and coworkers utilized a 
microbial oxidation process in their synthesis of (–)-lycoricidine (2.1) using a different strategy from that 





material was cleaved in Hudlicky’s synthesis, Banwell and coworkers decided to use the vinyl bromide as 
a functional handle in their approach.  
 
Scheme 2.8. Synthesis of (–)-lycoricidine (2.1) by Banwell and coworkers (2007). 
Starting from PMP acetal 2.39, dihydroxylation from the opposite face and MOM protection gave 2.40; 
further functional group manipulation afforded tetrol 2.41. Formation of the trichloroacetimidate 2.42 and 
Overman rearrangement under microwave conditions gave aminocyclitol 2.43 after cleavage of the N–acyl 
group. Finally, Suzuki coupling with pinacol boronic ester 2.44 gave (–)-lycoricidine (2.1) after global 
deprotection with bromotrimethylsilane.  
2.4. Prior synthetic approaches towards narciclasine.  
Despite its more potent biological activity, synthetic efforts toward narciclasine (2.2) began more 
recently (Table 2.2). 
2.4.1. Rigby and coworkers – (+)-narciclasine, 1997. The first synthesis of enantiopure natural product 
was accomplished by Rigby and coworkers in 1997 (Scheme 2.9).15 The overall strategy in their 22-step 
synthesis involved photochemical cyclization of an enamide as a key step. Cyclohexene ester 2.45 was 






Table 2.2. Tabulated summary of previous syntheses of narciclasine (2.2). 
 
Enzymatic resolution of this epoxide with cholesterol esterase, followed by protection of the allylic alcohol 
and hydrolysis of the ester gave intermediate 2.47. 
 





This compound underwent Curtius rearrangement and trapping with lithiated aryl species 2.48 to give 
cyclization precursor 2.49. Exposure to UV light (254 nm) accomplished the key step; subsequent formation 
of the allylic alcohol from the epoxide under Sharpless’ conditions, followed by acetate protection, gave 
key intermediate 2.50. Dihydroxylation of this intermediate and acetonide protection produced fully 
substituted cyclohexane 2.51, which was dehydrated by cleavage of the TBS group and reaction with 
Burgess reagent to give cyclohexene 2.52. Final deprotection completed the synthesis of (+)-narciclasine 
(2.2).  
2.4.2. Hudlicky and coworkers – (+)-narciclasine, 1999. Hudlicky and coworkers, using a 
chemoenzymatic strategy, accomplished a 12-step synthesis of (+)-narciclasine (2.2) in 1999 (Scheme 
2.10).16  
 





Starting from a different aromatic substrate, 1,3-dibromobenzene (2.53), enzymatic dihydroxylation using 
a modified E. coli strain to form diol 2.54, followed by acetonide protection and nitroso-Diels–Alder 
reaction, gave vinyl bromide 2.55. One-pot Suzuki coupling with boronic acid 2.56 followed by N–O 
cleavage produced α,β–unsaturated ketone 2.57. Reduction, Mitsonobu reaction with benzoic acid, and 
protecting group manipulation afforded aminocyclitol 2.58. A Bischler–Napieralski reaction was key for 
closure of the final ring in (+)-narciclasine; thus, exposure of 2.58 to triflic anhydride gave (+)-narciclasine 
(2.2) after final deprotection.  
2.4.3. Keck and coworkers – (+)-narciclasine, 1999. Keck and coworkers applied the radical cyclization 
strategy developed during their synthesis of (+)- and (–)-lycoricidine to the synthesis of (+)-narciclasine in 
1999 (Scheme 2.11).12  
 
Scheme 2.11. Total synthesis of (+)-narciclasine (2.2) by Keck and coworkers in 1999. 
By using aryl iodide 2.59 as the coupling partner in the key Sonogashira coupling reaction with 2.38, 
intermediate 2.60 was constructed and cyclized to 2.61 under the aforementioned conditions. While the 
tosylate in the coupling partner was important for achieving high yield in the cyclization step, it needed to 





followed by methylation and cyclization afforded lactam 2.62, which in turn was reduced and treated with 
acidic conditions to afford (+)-narciclasine (2.2).  
2.4.4. Banwell and coworkers – (–)-narciclasine, 2008. Finally, in 2008, Banwell and coworkers achieved 
another chemoenzymatic synthesis of (–)-narciclasine using an approach analogous to that of their synthesis 
of (–)-lycoricidine (Scheme 2.12).17 Exchange of the arylboronic ester in the lycoricidine synthesis for 
MOM-protected phenolic boronic ester 2.63, allowed for Suzuki coupling with intermediate 2.43 to give  
(–)-narciclasine (2.2) after deprotection.  
 
Scheme 2.12. Synthesis of (–)-narciclasine (2.2) by Banwell and coworkers (2008). 
2.5. Retrosynthetic analysis. 
As an alternative to all the aforementioned approaches, we recognized that the Amaryllidaceae 
alkaloids lycoricidine (2.1) and narciclasine (2.2) could be accessed using arenophile-mediated dearomative 
dihydroxylation (Scheme 2.13).18  
 





Both alkaloids could be traced back to the diene intermediate 2.64 via nitroso-Diels–Alder reaction, N–O 
cleavage, and lactam formation. As 2.64 represents the 3,4-dihydrodiol derivative of a biaryl compound, 
we sought to access this intermediate through diol 2.65, which in turn could be accessed through 
dearomative dihydroxylation of bromobenzene (2.26) and subsequent cross-coupling. While our initial 
forays into this synthesis relied upon the bromide dihydrodiol acetonide 2.66 as a starting point, this 
approach suffered from low-yielding dihydroxylation of bromobenzene.19  
However, we recognized the potential of the Narasaka variant of our dihydroxylation process to 
access diol 2.65 (Scheme 2.14). To this end, incorporating functionalized boronic acid 2.67 during the 
dihydroxylation step would give boronic ester 2.68. 
 
Scheme 2.14. Accessing diol 2.65 via dearomative dihydroxylation and transpositive Suzuki coupling. 
This compound, possessing both a vinyl bromide and a boronic ester component, could act as a bifunctional 
reactant in a Suzuki reaction. Such a cross-coupling would both transpose the aryl group from the boron 
atom to the vinyl carbon and also deprotect the diol in 2.65. This strategy would obviate the need for a 
protecting group switch, and it would greatly increase the atom economy of the synthesis by having all the 
atoms of the boronic acid, aside from the boron itself, incorporated into the natural product.20  
2.6. Synthesis of lycoricidine. 
2.6.1. Synthesis of boronic acid 2.67. The synthesis of boronic acid 2.67 was accomplished through 
cleavage of the pinacol ester in known boronic ester 2.44 (Scheme 2.15).14 Acidic hydrolysis of the pinacol 
ester under oxidative conditions with sodium periodate afforded 2.67 in 98% yield.  
 





The use of this boronic ester under our dearomative dihydroxylation conditions produced the desired 
bromobenzene adduct 2.68 in 63% yield based on boronic acid 2.67 (vide infra, Scheme 2.17). Important 
for the synthesis of this compound on large scale was the modification of the isolation procedure. While 
2.68 could be purified using column chromatography, it suffered from slight decomposition and solubility 
issues during this process. Trituration with methanol proved to be a much more reproducible method for 
accessing 2.68. Overall, the dearomative dihydroxylation process could be run on multi-gram scale, 
allowing for grams of 2.68 to be synthesized in a single batch.  
Table 2.3. Optimization of Suzuki coupling conditions for lycoricidine synthesis. 
 
2.6.2. Optimization of Suzuki coupling conditions. The next step of the synthesis of lycoricidine was to 





to find conditions that would afford synthetically useful yields of 2.65. Selected optimization data for this 
transformation are shown in Table 2.3. Traditional Suzuki reaction catalysts, such as Pd(PPh3)4 and 
Pd(dppf)Cl2, alongside other palladium(0) and (II) precatalysts and ligands, as well as more modern 
precatalysts (e.g. XPhos-Pd-G221 and PEPPSI-IPr22), were all evaluated for this reaction (Entries 1-9). 
Fluoride and basic additives were screened; control experiments lacking a palladium catalyst revealed that 
hydrolysis of the methyl ester in the substrate was occurring rapidly in the presence of inorganic bases. 
However, the combination of Pd(dppf)Cl2 as a catalyst and triethylamine as the base afforded increased 
yields. Solvent screening (Entries 10-13) showed that THF was the best solvent, with water proving 
necessary for the reaction to proceed (Entries 15-17). Initial experiments were run at 90 °C; after testing 
alternate temperatures, 70 °C proved to be optimal, with cooler temperatures resulting in poorer yields 
(Entry 14). Five equivalents of triethylamine gave increased yields of product, as did 5 mol% palladium 
catalyst loading. With these conditions, the product 2.65 was isolated in 59% yield on a 0.5 mmol scale, 
with minimal decrease in yield on larger scale (vide infra). One of the key aspects for the success of the 
reaction was careful selection of work-up conditions. In order to cleave the boronate from the diol portion 
of the molecule, it was necessary to stir the reaction mixture with HCl upon cooling to room temperature.  
In typical intermolecular Suzuki cross couplings, a slight excess of boronic ester or acid is used 
with respect to the vinyl or aryl halide. However, the bifunctional nature of the starting material 2.68 
enforced a 1:1 stoichiometry of boronic ester:vinyl bromide, and the addition of excess boronic acid 2.67 
resulted in formation of a coupling product with the boronic ester of the substrate still intact. As a 
consequence of this enforced stoichiometry, the products of hydrolysis of the boronic ester and 
protodeboronation were major byproducts of this reaction (i.e., the free cycloadduct diol compound and 
protodeboronated benzoate). Although this limited the yield of the transpositive Suzuki reaction itself, vinyl 
bromide 2.69 could be accessed from the recovered diol and coupled with boronic acid 2.67 separately to 






Scheme 2.16. Coupling of acetonide 2.69 with boronic ester 2.67. 
2.6.3. Synthesis of key dihydrodiol intermediate. With this intermediate in hand, cycloreversion was 
accomplished using previously described conditions (Scheme 2.17).18 Acetonide protection of the diol in 
2.65 was accomplished with 2,2-dimethoxypropane and pyridinium p-toluenesulfonate as the acid catalyst. 
A protecting group was employed because the conditions used for hydrolysis of the urazole in 2.70 prior to 
cycloreversion also hydrolyzed the methyl ester in the starting material. To isolate the carboxylic acid 
product, acidic workup of the reaction was necessary, which rearomatized the free dihydrodiol. 
Retrocycloaddition afforded 2.64, the key diene intermediate for accessing lycoricidine.  
 
Scheme 2.17. Synthesis of key diene intermediate 2.64. 
2.6.4. Nitroso-Diels–Alder reaction and completion of lycoricidine synthesis. The next step required for 
the synthesis of lycoricidine was a hetero-Diels–Alder reaction between diene 2.64 and a nitroso compound. 
Initial studies using acyl and alkyl nitroso compounds, such as 2.71, 2.72, and the sugar-derived 2.7323 were 







Scheme 2.18. Nitroso compounds giving incorrect regioselectivity in hetero-Diels–Alder reaction. 
Aryl nitroso compounds, including 2.74, 2.75, and 2.76 gave the correct isomers 2.77, 2.78, and 2.79 
(Scheme 2.19).24 However, attempts to cleave the N–aryl protecting group in these compounds was 
unsuccessful, resulting in recovered starting material, decomposition or complex mixtures. Both oxidative 
(CAN) and acidic (TFA) conditions were attempted to form 2.80 and (±)-lycoricidine (2.1), respectively, 
but proved to be inefficient in all cases (Scheme 2.20). We therefore looked toward the development of an 
aryl nitroso compound that could be cleaved through direct oxidation of a phenol, rather than a phenyl 
methyl ether. To this end, the TIPS-protected phenolic nitroso compound 2.82 was synthesized from the 
corresponding amine 2.8125 via oxidation with Oxone® in 79% yield (Scheme 2.21).  
 






Scheme 2.20. Unsuccessful cleavage of N–aryl bond in lactam products. 
 
Scheme 2.21. Synthesis of TIPS-protected nitroso 2.82. 
Cycloaddition with this compound gave the desired lactam 2.83 in 60% yield after N–O cleavage in the 
presence of zinc powder and acetic acid (Scheme 2.22).  
 





The TIPS group in this compound was removed with TBAF to produce free phenol 2.84 in high 
yield. One-pot oxidation and diol deprotection of this compound using PIFA as the oxidant, followed by 
the addition of trifluoroacetic acid, afforded lycoricidine (2.1) in near quantitative yield. 
2.7. Synthesis of narciclasine through late-stage hydroxylation.  
We envisioned accessing the related natural product narciclasine (2.2) using a late-stage 
functionalization of an intermediate en route to lycoricidine (2.85) (Scheme 2.23) to form hydroxylated 
species 2.86.  
 
Scheme 2.23. Proposed route for accessing (±)-narciclasine (2.2) from a lycoricidine intermediate. 
This type of transformation had not been accomplished in previous syntheses of these natural products (vide 
supra), where new aryl portions had been constructed de novo for each natural product. We were inspired 
by a transformation reported by Uchiyama and coworkers in 2016, in which they used a copper complex 
and peroxide to achieve directed C–H cupration and oxidation of tertiary aryl amides.26  
This procedure appeared to be well-suited to the oxidation of the benzodioxole ring in our system; 
we therefore capped the allylic alcohol in lycoricidine intermediate 2.83 with a TIPS group to prevent 
competitive deprotonation (Scheme 2.24). The use of Uchiyama’s conditions on this intermediate afforded, 
after in situ acetate protection, benzodioxole acetate 2.88 in 50% yield. The acetate protection of this 
compound was necessary because attempts to oxidize the lactam N–aryl ring in the presence of a free phenol 
on the benzodioxole resulted in decomposition. However, with the acetate protecting group in place, TIPS 
group cleavage afforded 2.89, which underwent oxidation and acetonide cleavage, followed by 








Scheme 2.24. Completion of narciclasine synthesis via C–H oxidation of the benzodioxole ring. 
2.8. Biaryl dihydrodiol synthesis.  
2.8.1. Reaction scope. The transpositive Suzuki coupling methodology utilized in these syntheses 
represented a direct method of synthesizing biaryl dihydrodiols, compounds we had not previously accessed 
using our dearomative dihydroxylation process.18 We therefore sought to expand the scope of this 
transformation to test its generality. To this end, commercially available boronic acids were incorporated 
into the dearomative dihydroxylation step, as shown in Scheme 2.25. The electronics of the aryl portion did 
not have an effect on the efficiency of the reaction, as electron-rich (e.g. 2.92b and 2.92c) and electron-
poor (e.g. 2.92g, 2.92h, and 2.92i) aryl rings could be incorporated into the products of dihydroxylation. 
Substituents were tolerated at the para-, meta-, and ortho-positions (e.g. 2.92d, 2.92e, and 2.92f), and 
naphthylboronic acid could be used as a substrate (2.92j). Whereas the dihydrodiol compound used in the 
synthesis of lycoricidine and narciclasine (2.64) necessitated an intermediate acetonide protection step for 






Scheme 2.25. Synthesis of biaryl dihydrodiols using a three-step process. 
2.8.2. Unpursued and unsuccessful boronic acids for biaryl dihydrodiol synthesis. In addition to the 
substrates shown above, other aryl and heteroarylboronic acids were tested for this process (Scheme 2.26).  
 
Scheme 2.26. Boronic acids that were successful for dihydroxylation but were not pursued further. 
While other arylboronic acids with increased electron-withdrawing or electron-donating character were 
compatible with the dihydroxylation step, these substrates failed during the second two steps of the process. 
Finally, heteroarylboronic acids proved to be incompatible with the oxidative conditions of 






Scheme 2.27. Boronic acids that failed for dearomative dihydroxylation. 
2.9. Conclusion and outlook.  
Thus, the syntheses of (±)-lycoricidine (2.1) and (±)-narciclasine (2.2) were accomplished in seven 
and ten steps, respectively. A modification of our dearomative dihydroxylation process, in combination 
with a transpositive Suzuki coupling reaction and arenophile cycloreversion, provided a direct route to the 
key diene intermediate for natural product synthesis. While previous syntheses utilizing enzymatic 
dihydroxylation of bromobenzene and 1,3-dibromobenzene had been accomplished, the regioselectivity of 
dihydroxylation necessitated manipulation of the oxidation state at the bromide-bearing carbons on the 
resulting intermediate. Our complementary process, which gives the alternative constitutional isomer, 
allowed for synthesis of these natural products without the intermediacy of overoxidized species. We also 
utilized a transformation that allowed for the conversion of a late-stage intermediate in our lycoricidine 
synthesis into a precursor for narciclasine, obviating the need for de novo synthesis of the different aryl 
portions of these alkaloids. Finally, the combination of commercially available boronic acids and 
bromobenzene gave access to a range of biaryl dihydrodiols, which could have applications in the synthesis 
of Amaryllidaceae alkaloid analogues.  
2.10. Experimental section. 
2.10.1. General experimental. Unless otherwise noted, all reactions were carried out under an ambient 
atmosphere. All chemicals were purchased from commercial suppliers and used as received. N-methyl-
1,2,4-triazoline-3,5-dione (MTAD) was prepared based on the literature procedures27,28 and was resublimed 
before use. Dry dichloromethane (DCM) and tetrahydrofuran (THF) were obtained by passing 
commercially available anhydrous, oxygen-free formulations through activated alumina columns. For ethyl 
acetate (EtOAc), acetone, methanol, and 2-propanol, commercially available anhydrous solvents were used 
without further purification. Analytical thin-layer chromatography was performed on Merck silica gel 60 





(KMnO4), vanillin, or ceric ammonium molybdate (CAM) solutions. Retention factor (Rf) values reported 
were measured using a 5 × 2 cm TLC plate in a developing chamber containing the solvent system 
described. Flash column chromatography was performed using Silicycle SiliaFlash® P60 (SiO2, 40-63 μm 
particle size, 230-400 mesh). 
 1H, 19F, and 13C NMR spectra were recorded on Varian Unity Inova 500 (500 MHz, 1H; 126 MHz, 13C) 
or Bruker 500 (500 MHz, 1H; 126 MHz, 13C) MHz spectrometers. Spectra are referenced to residual 
chloroform (δ = 7.26 ppm, 1H; 77.16 ppm, 13C), residual DMSO-d6 (δ = 2.50 ppm, 1H; 39.52 ppm, 13C), or 
residual methanol (δ = 3.31 ppm, 1H; 49.0 ppm, 13C). Chemical shifts are reported in parts per million 
(ppm). Multiplicities are indicated by s (singlet), d (doublet), t (triplet), q (quartet), sept (septet), m 
(multiplet), and br (broad). Coupling constants J are reported in Hertz (Hz). 
Mass spectrometry (MS) was performed by the University of Illinois Mass Spectrometry Laboratory. 
Electron Impact (EI+) spectra were performed at 70 eV using methane as the carrier gas, with time-of-flight 
(TOF) mass analyzer. Chemical Ionization (CI+) spectra were performed with methane reagent gas, with 
either a double focusing sector field (DFSF) or time-of-flight (TOF) mass analyzer. Electrospray ionization 
(ESI+) spectra were performed using a time-of-flight (TOF) mass analyzer. Data are reported in the form 
of m/z (intensity relative to the base peak = 100). For several compounds, Waters Q-TOF Ultima ESI and 
Agilent 6230 ESI TOF LC/MS spectrometers were used to obtain the high-resolution mass spectra. Infrared 
spectra were measured neat on a Perkin-Elmer spectrum BX FT-IR spectrometer. Peaks are reported in 
cm−1 with indicated relative intensities: s (strong, 0–33% T); m (medium, 34–66% T), w (weak, 67–100% 
T), and br (broad).  
Melting points were measured on a Buchi B-540 melting point apparatus. 
2.10.2. Experimental procedures for synthesis of lycoricidine.  
 Synthesis of 2.67: To a solution of methyl 6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-





added NaIO4 (4.54 g, 21.2 mmol, 1.5 equiv.). The mixture was stirred at room temperature for 20 minutes, 
until homogeneous. HCl (1.0 M in water, 20 mL) was then added, and the mixture was stirred for 2 hours. 
The resulting mixture was extracted with DCM (3 × 50 mL), dried over anhydrous MgSO4, and 
concentrated in vacuo to yield boronic acid 2.67 (3.10 g, 13.8 mmol, 98% yield) as a colorless solid. Product 
was used without further purification. 
Rf = 0.15 (SiO2, hexanes:EtOAc = 1:1, UV). 
m.p. = 156–158 °C. 
1H NMR (500 MHz, Methanol-d4) δ 7.40 (s, 1H), 6.81 (s, 1H), 6.05 (s, 2H), 3.89 (s, 3H). 
13C NMR (126 MHz, Methanol-d4) δ 169.4, 153.4, 149.5, 127.2, 110.8, 109.6, 103.4, 52.9. 
HRMS (ESI-TOF, m/z) calcd. For C27H22B3O15 [Boroxine+H]+ calc.: 618.1274; found: 618.1334. 
IR (ATR, neat, cm-1): 3378 (br w), 2957 (w), 1702 (m), 1609 (w), 1505 (w), 1425 (m), 1372 (s), 
1262 (s), 1159 (m), 1037 (s). 
 Synthesis of 2.68: A solution of MTAD (3.0 g, 26.5 mmol, 2.0 equiv.) and 
bromobenzene (27.8 mL, 265 mmol, 20 equiv.) in CH2Cl2 (250 mL) was cooled to −78 °C and irradiated 
with LED lights under a nitrogen atmosphere. Upon decolorization of the reaction mixture, the lights were 
turned off and a solution of arylboronic acid 2.67 (2.97 g, 13.3 mmol, 1.0 equiv.) in wet acetone (20 mL) 
and a solution of 4-methylmorpholine N–oxide (3.74 g, 31.9 mmol, 2.4 equiv.), and OsO4 (6.6 mL, 0.2 M 
solution in dichloromethane, 1.3 mmol, 10 mol%) in dichloromethane (20 mL) were added sequentially at 
−78 °C via cannula. The reaction was slowly warmed to 0 °C over the course of 8 hours. Then the reaction 
was quenched with Na2S2O3 (sat. aq., 20 mL). The layers were separated, and the aqueous layer was 
extracted with CH2Cl2 (3 × 50 mL). The organic layers were washed with brine (50 mL), dried with MgSO4, 
filtered, and concentrated. Trituration with methanol afforded 2.68 (4.12 g, 8.4 mmol, 63% yield) as a white 
solid. 





m.p. = 257–259 °C. 
1H NMR (500 MHz, CDCl3) δ 7.32 (s, 1H), 6.79 (s, 1H), 6.68 (ddd, J = 6.1, 2.3, 0.7 Hz, 1H), 6.05 (d, J = 
1.3 Hz, 1H), 6.04 (d, J = 1.3 Hz, 1H), 5.25 (dd, J = 4.2, 2.3 Hz, 1H), 5.15 (dd, J = 6.1, 3.9 Hz, 1H), 5.10 
(dd, J = 7.0, 4.2 Hz, 1H), 5.00 (ddd, J = 7.0, 3.9, 0.7 Hz), 3.93 (s, 3H), 3.07 (s, 3H). 
13C NMR (126 MHz, CDCl3) 169.3, 157.2, 156.8, 152.0, 148.9, 127.7, 127.2, 118.7, 110.7, 108.3, 102.0, 
75.3, 74.5, 60.1, 54.4, 53.2, 26.0. 
HRMS (ESI-TOF, m/z) calcd. For C18H16BBrN3O8 [M+H]+ calc.: 492.0212 ; found: 492.0265. 
IR (ATR, neat, cm-1): 2955 (w), 1777 (w), 1709 (s), 1604 (w), 1447 (m), 1394 (m), 1379 (m), 1309 (m), 
1277 (m), 1200 (m). 
 Synthesis of 2.65: To a dry pressure tube charged with boronic ester 2.68 (0.98 g, 2.0 
mmol, 1.0 equiv.) and Pd(dppf)Cl2 (72 mg, 0.1 mmol, 5 mol%) was added a degassed mixture of THF and 
water (9:1, 20 mL) under a nitrogen atmosphere. To this was then added Et3N (1.4 mL, 10 mmol, 5.0 
equiv.), and the tube was sealed and heated to 70 °C for 4 hours. The reaction was cooled to room 
temperature and quenched with HCl (1.0 M aq., 10 mL), then extracted with CH2Cl2 (3 × 5 mL). The 
combined CH2Cl2 layers were washed with brine (1 × 10 mL) dried over MgSO4, filtered, and concentrated 
in vacuo. Column chromatography (SiO2, hexanes:acetone = 2:1) gave 2.65 (441 mg, 1.09 mmol, 54% 
yield) as an off-white foam. 
Rf = 0.13 (SiO2, hexanes:acetone = 2:1, UV + KMnO4). 
1H NMR (500 MHz, CDCl3) δ 7.23 (s, 1H), 6.93 (s, 1H), 6.17 (ddd, J = 5.8, 2.0, 0.8 Hz, 1H), 6.05 (dd, J = 
9.1, 1.3 Hz, 2H), 5.09 (dd, J = 3.4, 2.0 Hz, 1H), 4.99 (dd, J = 5.8, 3.4 Hz, 1H), 4.45 (ddd, J = 10.3, 6.9, 3.4 
Hz, 1H), 4.40 (d, J = 10.3 Hz, 1H), 4.38 – 4.32 (m, 1H), 3.84 (s, 3H), 3.09 – 3.04 (m, 1H), 3.04 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 169.1, 157.6, 157.4, 151.2, 147.8, 140.9, 133.7, 126.4, 123.3, 110.5, 109.1, 





HRMS (ESI-TOF, m/z) calcd. For C18H18N3O8 [M+H]+ calc.: 404.1094; found: 404.1097. 
IR (ATR, neat, cm-1): 3354 (br), 2921 (w), 1762 (m), 1697 (s), 1617 (w), 1460 (m), 1247 (s), 1221 (m), 
1124 (m), 1035 (s), 936 (m). 
Synthesis of 2.70: To a solution of 2.65 (252 mg, 0.63 mmol, 1.0 equiv.) in 
CH2Cl2:2,2-dimethoxypropane = 1:1 (6 mL) was added PPTS (16 mg, 63 μmol, 10 mol%), and the mixture 
was heated to 50 °C and stirred for 12 hours. The reaction was cooled to room temperature, quenched with 
NaHCO3 (sat. aq., 10 mL) and extracted with CH2Cl2 (3 × 5 mL). The combined organic layers were then 
dried over MgSO4 and concentrated in vacuo. Purification of the resulting residue by flash column 
chromatography (SiO2, CH2Cl2:EtOAc = 5:1) gave acetonide 2.70 as a white solid (239 mg, 0.54 mmol, 
86% yield). 
Rf = 0.22 (SiO2, hexanes:EtOAc = 2:1, UV). 
m.p. = 134–136 °C. 
1H NMR (500 MHz, CDCl3) δ 7.20 (s, 1H), 6.91 (s, 1H), 6.03 (d, J = 1.4 Hz, 1H), 6.02 (d, J = 1.4 Hz, 1H), 
6.00 (ddd, J = 5.8, 2.0, 0.9 Hz, 1H), 5.09 (dd, J = 4.0, 2.0 Hz, 1H), 5.06 (dd, J = 5.8, 3.8 Hz, 1H), 4.71 (dd, 
J = 6.8, 4.0 Hz, 1H), 4.64 (ddd, J = 6.8, 3.8, 0.9 Hz, 1H), 3.71 (s, 3H), 3.08 (s, 3H), 1.39 (s, 3H), 1.35 (s, 
3H). 
13C NMR (126 MHz, CDCl3) δ 166.8, 158.0, 157.9, 150.4, 147.2, 138.9, 134.3, 124.2, 123.7, 112.4, 110.0, 
109.0, 102.2, 74.3, 74.1, 56.9, 52.1, 51.8, 25.8, 25.7, 25.5. 
HRMS (ESI-TOF, m/z) calcd. For C21H22N3O8 [M+H]+ calc.: 444.1401 ; found: 444.1409. 
IR (ATR, neat, cm-1): 2953 (w), 1777 (w), 1714 (s), 1487 (m), 1459 (m), 1382 (m), 1249 (m), 1209 (m), 





 Synthesis of 2.64: Acetonide 2.70 (228 mg, 0.51 mmol, 1.0 equiv.) and KOH 
(321 mg, 5.1 mmol, 10 equiv.) were dissolved in i-PrOH (5.1 mL) under a nitrogen atmosphere, and the 
reaction was heated to 100 °C and stirred for 12 hours. The reaction mixture was then cooled to room 
temperature, diluted with H2O (10 mL), and neutralized to pH = 7 with glacial AcOH. To this solution was 
added CuCl2•2H2O (131 mg, 0.77 mmol, 1.5 equiv.), and the solution was then treated with NH4OH (5.0 
M in water, 1 mL) and acidified to pH = 4 with glacial AcOH. The mixture was then extracted with EtOAc 
(3 × 10 mL). The combined organic layers were washed with brine (20 mL), dried over MgSO4, and 
concentrated in vacuo, affording diene 2.64 as a beige solid (152mg, 0.48 mmol, 93% yield). Product was 
deemed >95% pure by 1H and 13C NMR without the need for additional purification. 
Rf = 0.45 (SiO2, hexanes:EtOAc = 1:1 + 2% AcOH, UV + KMnO4). 
m.p. = 155–157 °C. 
1H NMR (500 MHz, CDCl3) δ 7.46 (s, 1H), 6.74 (s, 1H), 6.06 (s, 2H), 5.95 – 5.87 (m, 2H), 5.77 (ddd, J = 
3.9, 1.7, 1.1 Hz, 1H), 4.83 (dd, J = 8.9, 3.9 Hz, 1H), 4.74 (dd, J = 8.9, 3.2 Hz, 1H), 1.47 (s, 3H), 1.44 (s, 
3H). 
13C NMR (126 MHz, CDCl3) 169.8, 151.5, 147.3, 139.9, 137.4, 127.8, 123.9, 121.9, 121.2, 110.9, 110.6, 
105.5, 102.3, 71.2, 70.2, 27.0, 25.3. 
HRMS (ESI-TOF, m/z) calcd. For C17H16NaO6 [M+Na]+ calc.: 339.0839 ; found: 339.0816. 
IR (ATR, neat, cm-1): 2912 (w), 1694 (s), 1614 (w), 1504 (m), 1485 (s), 1381 (w), 1250 (s), 1132 (w), 
1036 (s), 931 (w). 
Synthesis of 2.82: To a stirred solution of 4-((triisopropylsilyl)oxy)aniline (0.50 g, 1.9 
mmol, 1.0 equiv.) in CH2Cl2 (6 mL) was added a solution of Oxone® (1.16 g, 3.7 mmol, 2.0 equiv.) in H2O 





separated, and the aqueous layers extracted with CH2Cl2 (2 × 20 mL). The combined organic layers were 
then dried over MgSO4 and concentrated in vacuo. Column chromatography (SiO2, hexanes:CH2Cl2 = 4:1) 
afforded 2.82 as a blue-green oil (414 mg, 1.48 mmol, 79% yield). 
Rf = 0.89 (SiO2, hexanes:EtOAc = 3:1, UV, blue spot under ambient light). 
1H NMR (500 MHz, CDCl3) δ 7.86 (d, J = 9.2 Hz, 2H), 6.99 (d, J = 9.2 Hz, 2H), 1.33 (hept, J = 7.4 Hz, 
3H), 1.12 (d, J = 7.4 Hz, 18H). 
13C NMR (126 MHz, CDCl3) δ 164.1, 163.6, 124.3 (by HMQC), 120.0, 18.0, 12.9. 
HRMS (ESI-TOF, m/z) calcd. For C15H26NO2Si [M+H]+ calc.: 280.1727; found: 280.1726. 
IR (ATR, neat, cm-1): 2946 (m), 2893 (w), 2868 (m), 1644 (w), 1595 (m), 1502 (s), 1278 (s), 1111 (s), 904 
(m), 687 (m). 
 Synthesis of 2.83: To a stirred solution of diene 2.64 (20 mg, 63 μmol, 1.0 
equiv.) in THF (2 mL) was added a solution of nitroso 2.82 (18 mg, 63 μmol, 1.0 equiv.) in THF (1 mL). 
The mixture was stirred for 24 hours at room temperature. Powdered zinc (83 mg, 1.26 mmol, 20 equiv.) 
and acetic acid (36 μmol, 0.63 mmol, 20 equiv.) were added, and the mixture stirred at room temperature 
for 8 hours. the reaction was quenched with NaHCO3 (sat. aq., 5 mL), and extracted with EtOAc (5 × 10 
mL). The combined organic layers were washed with brine (10 mL), dried over MgSO4, and concentrated 
in vacuo. The residue was purified by column chromatography (SiO2, hexanes:EtOAc = 3:2) to yield lactam 
2.83 as a colorless oil (22 mg, 38 μmol, 60% yield). 
Rf = 0.39 (SiO2, hexanes:EtOAc = 1:1, UV). 
1H NMR (500 MHz, CDCl3) δ 7.60 (s, 1H), 7.10 (d, J = 8.7 Hz, 2H), 7.01 (s, 1H), 6.89 (d, J = 8.7 Hz, 2H), 





1H), 4.19 (ddd, J = 7.7, 3.2, 2.7 Hz, 1H), 3.90 (dd, J = 7.8, 7.7 Hz, 1H), 1.26 (hept, J = 7.4, 3H), 1.18 (s, 
3H), 1.10 (d, J = 7.4 Hz, 18H), 1.05 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 162.4, 155.3, 151.8, 148.6, 133.8, 129.5, 128.5, 128.2, 124.9, 121.4, 120.0, 
110.4, 108.1, 102.0, 101.1, 79.1, 78.9, 72.1, 62.7, 27.0, 24.7, 18.1, 18.0, 12.8. 
HRMS (ESI-TOF, m/z) calcd. For C32H42NO7Si [M+H]+ calc.: 580.2725; found: 580.2708. 
IR (ATR, neat, cm-1): 3411 (br, w), 2944 (w), 2867 (w), 1647 (w), 1601 (w), 1507 (s), 1479 (m), 1259 (s), 
1221 (m), 1062 (m). 
 Synthesis of 2.84: To a stirred solution of lactam 2.83 (90 mg, 0.13 mmol, 1.0 
equiv.) in THF (1.3 ml) cooled to 0 °C was added TBAF (1 M, 165 μL, 0.165 mmol, 1.25 equiv.). The 
mixture was stirred at 0 °C for 20 minutes, then quenched with NH4Cl (sat. aq., 1.0 mL). The mixture was 
extracted with EtOAc (3 × 5 mL), and the combined organic layers were washed with brine (1 mL), dried 
over MgSO4, and concentrated in vacuo. The residue as purified by column chromatography (SiO2, 
hexanes:EtOAc = 1:2) to yield phenol 2.84 as a white solid (55 mg, 0.13 mmol, 98% yield). 
Rf = 0.18 (SiO2, hexanes:EtOAc = 1:2, UV) 
m.p. = 235–237 °C (decomposition). 
1H NMR (500 MHz, DMSO-d6) δ 9.32 (s, 1H), 7.47 (s, 1H), 7.38 (s, 1H), 7.07 (d, J = 8.7 Hz, 2H), 6.72 (d, 
J = 8.7 Hz, 2H), 6.53 (dd, J = 3.2, 2.9 Hz, 1H), 6.13 (d, J = 0.9 Hz, 1 H), 6.12 (d, J = 0.9 Hz, 1H), 5.70 (d, 
J = 5.7 Hz, 1H), 4.74 – 4.69 (m, 1H), 4.26 (dd, J = 7.4, 7.2 Hz, 1H), 4.11 – 4.06 (m, 1H), 3.83 (dd, J = 7.4, 
7.2 Hz, 1H), 1.04 (s, 3H), 1.01 (s, 3H). 
13C NMR (126 MHz, DMSO-d6) δ 161.1, 155.8, 151.3, 147.8, 132.9, 129.8, 128.7, 127.8, 127.2, 120.8, 
114.6, 108.7, 106.5, 101.9, 101.7, 79.0, 78.8, 70.5, 61.9, 26.8, 24.8, 17.7. 





IR (ATR, neat, cm-1): 3349 (br, m), 2936 (w), 1638 (m), 1595 (m), 1513 (s), 1571 (s), 1257 (s), 1218 (s), 
1061 (m), 1036 (s). 
 Synthesis of (±)-lycoricidine (2.1): To a stirred solution of 2.84 (55 mg, 0.13 mmol, 
1.0 equiv.) in MeCN:H2O = 9:1 (1 mL) at 0 °C was added PIFA (61 mg, 0.14 mmol, 1.1 equiv.), and the 
reaction was stirred at 0 °C for 30 minutes. Upon consumption of the starting material as judged by TLC 
analysis, TFA (0.4 mL, 5.22 mmol, 40 equiv.) was added, and the reaction was stirred at 0 °C for 2 hours. 
Solid NaHCO3 (0.44 g, 5.22 mmol, 40 equiv.) was then added, and the reaction mixture was concentrated 
in vacuo. Column chromatography (SiO2, 10% MeOH in CH2Cl2) afforded 2.1 (36 mg, 0.12 mmol, 95% 
yield) as a white solid. 
Rf = 0.37 (SiO2, CHCl3:MeOH = 4:1, UV) 
m.p. = 216–218 °C (decomposition) 
1H NMR (500 MHz, DMSO-d6) δ 7.32 (s, 1H), 7.26 (s, 1H), 7.19 (s, 1H), 6.20 – 6.00 (m, 3H), 5.28 – 5.06 
(m, 2H), 4.99 (d, J = 3.7 Hz, 1H), 4.19 (d, J = 8.4 Hz, 1H), 4.04 (dd, J = 5.4, 4.0 Hz, 1H), 3.79 (ddd, J = 
8.4, 5.4, 2.2 Hz, 1H), 3.71 (d, J = 4.0 Hz, 1H). 
13C NMR (126 MHz, DMSO-d6) δ 163.2, 151.0, 147.8, 131.8, 130.1, 123.7, 122.0, 106.2, 103.4, 101.9, 
72.6, 69.3, 69.2, 52.8.  
HRMS (ESI-TOF, m/z) calcd. For C14H14NO6 [M+H]+ calc.: 292.0281; found: 292.0818. 





 Synthesis of 2.87: To a solution of 2.83 (76 mg, 0.13 mmol, 1.0 equiv.) in 
CH2Cl2 (1.3 mL) was added 2,6-lutidine (46 μL, 0.39 mmol, 3.0 equiv.). The reaction was cooled to 0 °C, 
and TIPSOTf (70 μL, 0.26 mmol, 2.0 equiv.) was added. The reaction was stirred at 0 °C for 8 hours. Upon 
completion, NH4Cl (sat. aq., 1 mL) was added, the layers were separated, and the aqueous layer was 
extracted with CH2Cl2 (3 × 10 mL). The combined organic layers were washed with brine (1 × 5 mL), dried 
with MgSO4, filtered, and concentrated in vacuo. Column chromatography (SiO2, hexanes:EtOAc = 7:1) 
afforded 2.87 as a clear oil (74 mg, 0.10 mmol, 77% yield). 
Rf = 0.25 (SiO2, hexanes:EtOAc = 7:1, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) δ 7.64 (s, 1H), 7.11 (d, J = 8.7 Hz, 2H), 7.04 (s, 1H), 6.89 (d, J = 8.7 Hz, 2H), 
6.30 (dd, J = 2.5, 2.8 Hz, 1H), 6.04 (d, J = 1.3 Hz, 1H), 6.03 (d, J = 1.3 Hz, 1H), 4.66 – 4.62 (m, 1H), 4.32 
(dt, J = 6.7, 2.5 Hz, 1H), 4.28 (dd, J = 7.9, 6.6 Hz, 1H), 3.95 (dd, J = 7.9, 6.7 Hz, 1H), 1.31 – 1.22 (m, 3H), 
1.20 – 1.14 (m, 3H), 1.12 (d, J = 7.5 Hz, 18H), 1.12 (d, J = 6.9 Hz, 18H), 1.10 (s, 3H), 1.06 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 162.4, 155.2, 151.7, 148.6, 134.4, 129.6, 128.5, 127.9, 127.5, 121.7, 119.9, 
110.1, 110.1, 108.3, 101.9, 101.1, 79.6, 79.5, 73.2, 62.7, 26.9, 24.7, 18.2, 18.1, 12.9, 12.4. 
HRMS (ESI-TOF, m/z) calcd. For C41H62NO7Si2 [M+H]+ calc.: 736.4065; found: 736.4064. 
IR (ATR, neat, cm-1): 2493 (m), 2686 (m), 1737 (w), 1654 (m), 1603 (m), 1507 (s), 1477 (s), 1379 (m), 
1329 (w), 1254 (s), 1121 (m), 1062 (s), 882 (s). 
 Synthesis of 2.88: In an oven-dried vial, lactam 2.87 (91 mg, 0.12 mmol, 1.0 





and a solution of (TMP)2CuCNLi2 (0.216 M in THF, 770 μL, 0.17 mmol, 1.3 equiv.) was added.26 The vial 
was then placed in a 0 °C ice bath and stirred for 2 hours at that temperature. After 2 hours, the mixture was 
cooled to –78 °C and t-BuOOH (5.5 M in decane, 45 μL, 0.25 mmol, 2.0 equiv.) was added. The reaction 
was stirred at that temperature for 30 minutes, then warmed to 0 °C, and NEt3 (210 μL, 1.48 mmol, 12 
equiv.), DMAP (cat.), and Ac2O (120 μL, 1.24 mmol, 10 equiv.) were added. The mixture was warmed to 
room temperature and was stirred for 12 hours. NH4Cl (sat. aq., 1 mL) and EtOAc (1 mL) were then added, 
the layers were separated, and the aqueous layer was extracted with EtOAc (3 × 5 mL). The combined 
organic layers were washed with brine (1 × 5 mL), dried with MgSO4, filtered, and concentrated in vacuo. 
Column chromatography (SiO2, hexanes:EtOAc = 8:1) afforded 2.88 (49 mg, 0.62 mmol, 50% yield) as a 
white foam, as well as phenol product 2.88' (10 mg, 0. 13 mmol, 10% yield) as a clear oil. 
Rf = 0.16 (SiO2, hexanes:EtOAc = 7:1, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) δ 7.10 – 7.05 (m, 2H), 7.00 (s, 1H), 6.89 – 6.84 (m, 2H), 6.31 (dd, J = 3.1, 2.7 
Hz, 1H), 6.08 (d, J = 1.3 Hz, 1H), 6.07 (d, J = 1.3 Hz, 1H), 4.57 (ddd, J = 6.3, 3.5, 2.7 Hz, 1H), 4.30 (ddd, 
J = 6.7, 3.5, 3.1 Hz, 1H), 4.25 (dd, J = 7.8, 6.3 Hz, 1H), 3.92 (dd, J = 7.8, 6.7 Hz, 1H), 2.31 (s, 3H), 1.31 – 
1.23 (m, 3H), 1.20 – 1.13 (m, 3H), 1.12 (d, J = 6.9 Hz, 18H), 1.11 (d, J = 7.1 Hz, 18H), 1.09 (s, 3H), 1.04 
(s, 3H). 
13C NMR (126 MHz, CDCl3) δ 169.2, 160.8, 155.2, 152.1, 141.2, 134.3, 134.0, 130.3, 130.0, 128.9, 127.9, 
120.0, 114.3, 109.9, 103.0, 99.6, 79.4, 79.1, 73.0, 62.3, 26.9, 24.7, 21.2, 18.2, 18.1, 12.9, 12.4. 
HRMS (ESI-TOF, m/z) calcd. For C43H64NO9Si2 [M+H]+ calc.: 794.4120; found: 794.4120. 
IR (ATR, neat, cm-1): 2943 (m), 2866 (m), 1778 (w), 1659 (m), 1602 (w), 1506 (s), 1482 (m), 1368 (m), 






Rf = 0.43 (SiO2, hexanes:EtOAc = 4:1, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) δ 13.17 (s, 1H), 9.88 – 7.08 (m, 2H), 6.94 – 6.89 (m, 2H), 6.70 (s, 1H), 6.36 
(dd, J = 3.1, 2.8 Hz, 1H), 6.06 (d, J = 1.4 Hz, 1H), 6.05 (d, J = 1.4 Hz, 1H), 4.58 (dt, J = 6.7, 3.3, 2.8 Hz, 
1H), 4.33 – 4.30 (m, 1H), 4.28 (dd, J = 7.9, 6.8 Hz, 1H), 3.96 (dd, J = 7.9, 6.7 Hz, 1H), 1.33 – 1.23 (m, 
3H), 1.19 – 1.13 (m, 3H), 1.12 (d, J = 7.4 Hz, 18H), 1.11 (d, J = 6.7 Hz, 18H), 1.09 (s, 3H), 1.06 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 167.4, 155.7, 153.0, 146.3, 134.6, 132.7, 129.5, 128.8, 128.6, 127.2, 120.1, 
110.2, 105.7, 102.5, 93.7, 79.4, 79.2, 73.2, 62.6, 26.8, 24.7, 18.2, 18.1, 12.9, 12.4. 
HRMS (ESI-TOF, m/z) calcd. For C41H62NO8Si2 [M+H]+ calc.: 752.4014; found: 752.4002. 
IR (ATR, neat, cm-1): 2493 (m), 2866 (m), 1736 (w), 1661 (w), 1508 (s), 1465 (m), 1371 (s), 1328 (w), 
1164 (m), 1123 (w), 1059 (s), 1032 (m). 
Synthesis of 2.89: To a stirred solution of lactam 2.88 (40 mg, 50 μmol, 1.0 
equiv.) in THF (0.5 mL) cooled to 0 °C was added TBAF (1 M, 110 μL, 0.110 mmol, 2.2 equiv.). The 
mixture was stirred allowed to warm to room temperature and was stirred for 2 hours, then quenched with 
saturated aqueous NH4Cl (1.0 mL). The mixture was extracted with EtOAc (3 × 5 mL), and the combined 
organic layers washed with brine (1 mL), dried over MgSO4, and concentrated in vacuo. The residue was 
purified by column chromatography (SiO2, CH2Cl2:MeOH = 19:1) to yield phenol 2.89 as a white solid (20 
mg, 42 μmol, 82% yield).  
Rf = 0.47 (SiO2, CH2Cl2:MeOH = 9:1, UV + KMnO4) 
m.p. = 219 – 221 °C (decomposition) 
1H NMR (500 MHz, DMSO-d6) δ 9.34 (s, 1H), 7.47 (s, 1H), 7.09 – 6.99 (m, 2H), 6.78 – 6.65 (m, 2H), 





4.65 (ddd, J = 6.4, 3.4, 2.9 Hz, 1H), 4.24 (dd, J = 7.6, 6.4 Hz, 1H), 4.13 – 4.04 (m, 1H), 3.83 (dd, J = 7.6, 
7.0 Hz, 1H), 2.16 (s, 3H), 1.04 (s, 3H), 1.00 (s, 3H). 
13C NMR (126 MHz, DMSO-d6) δ 168.2, 159.8, 155.9, 151.8, 140.4, 133.1, 132.5, 130.3, 130.0, 129.3, 
127.0, 114.7, 113.1, 108.6, 103.1, 100.1, 78.7, 78.5, 70.3, 69.8, 61.4, 26.8, 24.8, 20.7. 
HRMS (ESI-TOF, m/z) calcd. For C25H24NO9 [M+H]+ calc.: 482.1451; found: 482.1473. 
IR (ATR, neat, cm-1): 3341 (br s), 2987 (w), 2922 (w), 1771 (w), 1640 (m), 1592 (m), 1513 (m), 1505 (m), 
1371 (m), 1336 (w), 1188 (s), 1078 (s), 1026 (s). 
 Synthesis of (±)-narciclasine (2.2): To a solution of 2.89 (15 mg, 31 μmol, 1.0 
equiv.) in MeCN:H2O = 11:1 (0.6 mL) at 0 °C was added PIFA (14 mg, 33 μmol, 1.05 equiv.). The reaction 
was stirred for 10 minutes at that temperature, then TFA (0.2 mL) was added at 0 °C, and the reaction was 
stirred for an additional 2 hours. Upon complete conversion as judged by TLC analysis, the reaction was 
diluted with 5 mL MeOH, neutralized with solid NaHCO3 (218 mg), and evaporated directly onto silica. 
Quick filtration over silica (SiO2, CH2Cl2:MeOH = 9:1) and evaporation gave an off-white solid. This was 
a dissolved in methanol (0.5 mL) and solid K2CO3 (39 mg, 0.29 mmol, 10 equiv.) was added at room 
temperature. The reaction was stirred for 1 hour and was then diluted with MeOH (5 mL) and evaporated 
directly onto silica gel. Column chromatography (SiO2, CHCl3:MeOH = 4:1) afforded 2.2 as a white solid 
(6 mg, 20 μmol, 65% yield). 
Rf = 0.33 (SiO2, CHCl3:MeOH = 4:1, UV + KMnO4) 
m.p. = has no sharp melting point, begins to color at 200 °C and decomposes above 216 °C. 
1H NMR (500 MHz, DMSO-d6) δ 13.26 (s, 1H), 7.92 (s, 1H), 6.86 (s, 1H), 6.15 (t, J = 3.5 Hz, 2H), 6.08 
(d, J = 3.0 Hz, 2H), 5.22 (dd, J = 8.6, 5.7 Hz, 1H), 5.05 – 5.02 (m, 1H), 4.19 (d, J = 7.2 Hz, 1H), 4.02 (t, J 





13C NMR (126 MHz, DMSO-d6) δ 168.9, 152.3, 144.8, 133.4, 132.1, 129.2, 124.8, 105.5, 102.1, 95.8, 
72.4, 69.1, 68.8, 52.9. 
HRMS (ESI-TOF, m/z) calcd. For C14H14NO7 [M+H]+ calc.: 308.0770; found: 308.0765. 
2.10.4. General procedure A for dearomative dihydroxylation of bromobenzene with arylboronic 
acids. A solution of N-methyl-1,2,4-triazoline-3,5-dione (226.1 mg, 2.0 mmol, 2.0 equiv.) and 
bromobenzene (2.1 mL, 20 mmol, 20 equiv.) in CH2Cl2 (20.0 mL) was irradiated with LED lights at −78 
°C under a nitrogen atmosphere. Upon decolorization, the lights were turned off and a solution of 
arylboronic acid (1.0 mmol, 1.0 equiv.) with H2O (40 μL, 2.0 mmol, 2.0 equiv.) in 2 mL acetone and a 
solution of 4-methylmorpholine-N-oxide (281.2 mg, 2.4 mmol, 2.4 equiv.), and osmium tetroxide (0.5 mL, 
0.2 M solution in dichloromethane, 0.01 mmol, 10 mol%) in dichloromethane (2.0 mL) was added 
dropwise. The reaction was slowly warmed to 0 °C over the course of 8 hours. Upon reaching room 
temperature, the reaction was quenched with Na2S2O3 (sat. aq., 5.0 mL). The layers were separated, and the 
aqueous layer extracted with CH2Cl2 (3 × 10 mL). The organic layers were swashed with brine (20 mL), 
dried with MgSO4, filtered, and concentrated. The product was purified by flash chromatography (SiO2, 
hexanes:acetone mixtures) or trituration with methanol. 
 Synthesis of 2.90a: Following the general procedure A, the title compound (296.4 
mg, 0.76 mmol, 76%) was isolated by flash chromatography (SiO2, hexanes:acetone = 3:1) as a white solid. 
Rf = 0.46 (SiO2, hexanes:acetone = 2:1, UV + KMnO4) 
m.p. = 149–151 °C. 
1H NMR (500 MHz, CDCl3) δ 7.78 – 7.70 (m, 2H), 7.58 – 7.46 (m, 1H), 7.44 – 7.35 (m, 2H), 6.53 (ddd, J 
= 6.2, 2.2, 0.7 Hz, 1H), 5.30 (dd, J = 4.2, 2.2 Hz, 1H), 5.18 (dd, J = 6.2, 3.9 Hz, 1H), 5.08 (dd, J = 7.0, 4.2 





13C NMR (126 MHz, CDCl3) δ 157.2, 156.9, 135.1, 132.4, 128.1, 127.4, 118.7, 75.6, 74.6, 60.2, 54.4, 26.1. 
[One aromatic signal was not detected, even using longer relaxation and delay times and an HMBC 
experiment]. 
HRMS (EI-TOF, m/z) calcd. For C15H13BBrN3O4 [M]+ calc.: 389.0182; found: 389.0180. 
IR (ATR, neat, cm-1): 2963 (w), 1785 (w), 1715 (s), 1603 (m), 1499 (w), 1428 (m), 1360 (s), 1336 (s), 1200 
(s), 1030 (m), 1011 (m), 934 (m), 914 (w), 700 (s). 
Synthesis of 2.90b: Following the general procedure A, the title compound 
(352.8 mg, 0.84 mmol, 84%) was isolated by flash chromatography (SiO2, hexanes:acetone = 3:1) as an 
off-white solid. 
Rf = 0.41 (SiO2, hexanes:acetone = 2:1, UV + KMnO4) 
m.p. = 179–180 °C. 
1H NMR (500 MHz, CDCl3) δ 7.69 (d, J = 8.6 Hz, 1H), 6.91 (d, J = 8.6 Hz, 1H), 6.52 (dd, J = 6.1, 2.1 Hz, 
1H), 5.28 (dd, J = 4.2, 2.1 Hz, 1H), 5.17 (dd, J = 6.1, 3.8 Hz, 1H), 5.05 (dd, J = 7.0, 4.2 Hz, 1H), 4.94 (dd, 
J = 7.0, 3.8 Hz, 1H), 3.83 (s, 3H), 3.06 (s, 2H). 
13C NMR (126 MHz, CDCl3) δ 163.0, 157.2, 156.9, 137.0, 127.4, 118.8, 113.8, 75.6, 74.6, 60.3, 55.3, 54.4, 
26.1. [One aromatic signal was not detected, even using longer relaxation and delay times and an HMBC 
experiment]. 
HRMS (ESI-TOF, m/z) calcd. For C16H15BBrN3NaO5 [M+Na]+ calc.: 442.0183; found: 442.0164. 
IR (ATR, neat, cm-1): 2971 (w), 2834 (w), 1790 (w), 1709 (s), 1603 (m), 1569 (w), 1455 (m), 1398 (m), 
1369 (s), 1338 (m), 1248 (m), 1203 (s), 1175 (s), 1098 (m), 911 (w). 
 Synthesis of 2.90c: Following the general procedure A, the title compound (334.2 





Rf = 0.37 (SiO2, hexanes:acetone = 2:1, UV + KMnO4) 
m.p. = 206–207 °C. 
1H NMR (500 MHz, CDCl3) δ 7.30 (dd, J = 7.8, 1.1 Hz, 1H), 7.15 (d, J = 1.1 Hz, 1H), 6.84 (d, J = 7.8 Hz, 
1H), 6.52 (ddd, J = 6.1, 2.2, 0.7 Hz, 1H), 5.97 (s, 2H), 5.27 (dd, J = 4.2, 2.2 Hz, 1H), 5.16 (dd, J = 6.1, 3.9 
Hz, 1H), 5.04 (dd, J = 7.0, 4.2 Hz, 1H), 4.93 (ddd, J = 7.0, 3.9, 0.7 Hz, 1H), 3.06 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 157.2, 156.9, 151.2, 147.5, 130.6, 127.4, 118.8, 114.1, 108.7, 101.1, 75.6, 
74.6, 60.2, 54.4, 26.1. 
HRMS (EI-TOF, m/z) calcd. For C16H13BBrN3O6 [M]+ calc.: 433.0081; found: 433.0082. 
IR (ATR, neat, cm-1): 3065 (w), 2959 (w), 1775 (m), 1717 (s), 1602 (m), 1505 (w), 1436 (s), 1361 (s), 1321 
(m), 1284 (w), 1244 (s), 1208 (s), 1171 (w), 1029 (s). 
 Synthesis of 2.90d: Following the general procedure A, the title compound 
(343.0 mg, 0.81 mmol, 81%) was isolated by flash chromatography (SiO2, hexanes:acetone = 3:1) as a 
white solid. 
Rf = 0.33 (SiO2, hexanes:acetone = 2:1, UV + KMnO4) 
m.p. = 179–181 °C. 
1H NMR (500 MHz, CDCl3) δ 7.64 (d, J = 7.9 Hz, 2H), 7.21 (d, J = 7.9 Hz, 2H), 6.51 (ddd, J = 6.1, 2.2, 
0.8 Hz, 1H), 5.28 (dd, J = 4.2, 2.2 Hz, 1H), 5.17 (dd, J = 6.1, 3.9 Hz, 1H), 5.06 (dd, J = 7.0, 4.2 Hz, 1H), 
4.95 (ddd, J = 7.0, 3.9, 0.8 Hz, 1H), 3.06 (s, 3H), 2.38 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 157.2, 156.9, 142.8, 135.2, 128.9, 127.4, 118.7, 75.6, 74.6, 60.3, 54.4, 26.1, 
22.0. [One aromatic signal was not detected, even using longer relaxation and delay times and an HMBC 
experiment]. 
HRMS (ESI-TOF, m/z) calcd. For C16H15BBrN3NaO4[M+Na]+ calc.: 426.0234; found: 426.0248. 
IR (ATR, neat, cm-1): 3023 (w), 1776 (w), 1723 (s), 1602 (m), 1518 (w), 1457 (m), 1366 (s), 1287 (w), 





 Synthesis of 2.90e: Following the general procedure A, the title compound (262 
mg, 0.65 mmol, 65%) was isolated by trituration with methanol as a white solid. 
Rf = 0.75 (SiO2, hexanes:acetone = 1:1, UV + KMnO4) 
m.p. = 166–167 °C. 
1H NMR (500 MHz, CDCl3) δ 7.57 – 7.53 (m, 2H), 7.34 – 7.31 (m, 1H), 7.31 – 7.26 (m, 1H), 6.52 (ddd, J 
= 6.1, 2.2, 0.7 Hz, 1H), 5.29 (dd, J = 4.2, 2.2 Hz, 1H), 5.18 (dd, J = 6.1, 3.9 Hz, 1H), 5.07 (dd, J = 7.0, 4.2 
Hz, 1H), 4.96 (ddd, J = 7.0, 3.9, 0.7 Hz, 1H), 3.07 (s, 3H), 2.36 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 157.2, 156.9, 137.6, 135.7, 133.2, 132.2, 128.1, 127.4, 118.8, 75.6, 74.6, 
60.3, 54.4, 26.1, 21.5. [One aromatic signal was not detected, even using longer relaxation and delay times 
and an HMBC experiment]. 
HRMS (ESI-TOF, m/z) calcd. For C16H16BBrN3O4 [M+H]+ calc.: 404.0415; found: 404.0427. 
IR (ATR, neat, cm-1): 3086 (w), 2964 (w), 1789 (m), 1717 (s), 1601 (m), 1581 (w), 1449 (m), 1392 (m), 
1355 (s), 1279 (m), 1205 (s), 1021 (s), 984 (w), 904 (w). 
 2.90f: Following the general procedure A, the title compound (287 mg, 0.71 mmol, 
71%) was isolated by trituration with methanol as a white solid. 
Rf = 0.51 (SiO2, hexanes:acetone = 2:1, UV + KMnO4) 
m.p. = 143–144 °C. 
1H NMR (500 MHz, CDCl3) δ 7.71 (dd, J = 7.8, 1.6 Hz, 1H), 7.37 (td, J = 7.5, 1.6 Hz, 1H), 7.23 – 7.13 (m, 
2H), 6.54 (ddd, J = 6.1, 2.3, 0.8 Hz, 1H), 5.31 (dd, J = 4.2, 2.3 Hz, 1H), 5.19 (dd, J = 6.1, 3.9 Hz, 1H), 5.08 





13C NMR (126 MHz, CDCl3) δ 157.2, 157.0, 145.6, 136.5, 132.1, 130.2, 127.5, 125.1, 118.8, 75.5, 74.3, 
60.3, 54.4, 26.1, 22.5. [One aromatic signal was not detected, even using longer relaxation and delay times 
and an HMBC experiment]. 
HRMS (ESI-TOF, m/z) calcd. For C16H16BBrN3O4 [M+H]+ calc.: 404.0415; found: 404.0424. 
IR (ATR, neat, cm-1): 2957 (w), 1778 (m), 1706 (s), 1601 (m), 1438 (m), 1354 (s), 1277 (m), 1200 (s), 1126 
(w), 986 (m). 
 Synthesis of 2.90g: Following the general procedure A, the title compound (268 
mg, 0.63 mmol, 63%) was isolated by trituration with methanol as a white solid. 
Rf = 0.32 (SiO2, hexanes:acetone = 2:1, UV + KMnO4) 
m.p. = 222–224 °C (decomposition). 
1H NMR (500 MHz, CDCl3) δ 7.69 – 7.64 (m, 2H), 7.39 – 7.34 (m, 2H), 6.52 (ddd, J = 6.1, 2.2, 0.8 Hz, 
1H), 5.28 (dd, J = 4.2, 2.2 Hz, 1H), 5.18 (dd, J = 6.1, 3.9 Hz, 1H), 5.08 (dd, J = 7.0, 4.2 Hz, 1H), 4.97 (ddd, 
J = 7.0, 3.9, 0.8 Hz, 1H), 3.06 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 157.2, 156.9, 138.9, 136.5, 128.5, 127.4, 118.8, 75.7, 74.7, 60.2, 54.3, 26.1. 
[One aromatic signal was not detected, even using longer relaxation and delay times and an HMBC 
experiment]. 
HRMS (ESI-TOF, m/z) calcd. For C15H13BBrClN3O4 [M+H]+ calc.: 423.9847; found: 425.9857. 
IR (ATR, neat, cm-1): 2971 (w), 1777 (w), 1721 (s), 1600 (m), 1456 (m), 1365 (s), 1205 (s), 1179 (m), 1094 
(s), 1043 (m), 1018 (s). 
Synthesis of 2.90h: Following the general procedure A, the title compound (267 
mg, 0.65 mmol, 65%) was isolated by trituration with methanol as a white solid. 





m.p. = 188–189 °C. 
1H NMR (500 MHz, CDCl3) δ 7.74 (ddt, J = 9.1, 6.1, 2.3 Hz, 2H), 7.14 – 6.98 (m, 2H), 6.53 (ddd, J = 6.2, 
2.2, 0.8 Hz, 1H), 5.29 (dd, J = 4.2, 2.2 Hz, 1H), 5.18 (dd, J = 6.2, 3.9 Hz, 1H), 5.08 (dd, J = 7.0, 4.2 Hz, 
1H), 4.97 (ddd, J = 7.0, 3.9, 0.8 Hz, 1H), 3.07 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 165.8 (d, J = 252 Hz), 157.2, 156.9, 137.5 (d, J = 8 Hz), 127.4, 118.8, 115.5 
(d, J = 20 Hz), 75.7, 74.7, 60.2, 54.4, 26.1. [One aromatic signal was not detected, even using longer 
relaxation and delay times and an HMBC experiment]. 
19F NMR (470 MHz, CDCl3) δ -106.7. 
HRMS (ESI-TOF, m/z) calcd. For C15H13BBrFN3O4 [M+H]+ calc.: 408.0164; found: 408.0173. 
IR (ATR, neat, cm-1): 3091 (w), 2970 (w), 1787 (w), 1722 (s), 1606 (m), 1453 (m), 1368 (s), 1215 (m), 
1287 (w), 1199 (s), 1155 (m), 1096 (s), 915 (w). 
 Synthesis of 2.90i: Following the general procedure A, the title compound (282 
mg, 0.62 mmol, 62%) was isolated by trituration with methanol as a white solid. 
Rf = 0.16 (SiO2, hexanes:acetone = 4:1, UV + KMnO4) 
m.p. = 184–186 °C. 
1H NMR (500 MHz, CDCl3) δ 7.88 (d, J = 7.8 Hz, 2H), 7.66 (d, J = 7.8 Hz, 2H), 6.55 (ddd, J = 6.3, 2.2, 
0.9 Hz, 1H), 5.33 (ddd, J = 4.3, 2.2, 0.8 Hz, 1H), 5.22 (ddd, J = 6.3, 3.9, 0.8 Hz, 1H), 5.14 (ddd, J = 7.0, 
4.3, 0.9 Hz, 1H), 5.03 (dd, J = 7.0, 3.9 Hz, 1H), 3.09 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 157.2, 156.9, 135.4, 133.8 (q, J = 32 Hz), 129.6, 127.4, 124.7 (q, J = 4 Hz), 
123.9 (q, J = 273 Hz), 118.8, 75.9, 74.9, 60.1, 54.3, 26.1. 
19F NMR (470 MHz, CDCl3) δ -63.7. 
HRMS (EI-TOF, m/z) calcd. For C16H12BBrF3N3O4 [M]+ calc.: 457.0056; found: 457.0057. 
IR (ATR, neat, cm-1): 2970 (w), 2957 (w), 1781 (w), 1724 (s), 1602 (w), 1519 (w), 1456 (m), 1402 (m), 





 Synthesis of 2.90j: Following the general procedure A, the title compound (290 
mg, 0.66 mmol, 66%) was isolated by trituration with methanol as a white solid. 
Rf = 0.31 (SiO2, hexanes:acetone = 2:1, UV + KMnO4) 
m.p. = 159–161 °C (decomposition). 
1H NMR (500 MHz, CDCl3) δ 8.33 (s, 1H), 7.90 (d, J = 8.0 Hz, 1H), 7.85 (s, 1H), 7.84 (s, 1H) 7.75 (dd, J 
= 8.2, 1.2 Hz, 1H), 7.55 (ddd, J = 8.2, 6.8, 1.4 Hz, 1H), 7.51 (ddd, J = 8.0, 6.8, 1.2 Hz, 1H), 6.55 (dd, J = 
6.1, 2.2 Hz, 1H), 5.34 (dd, J = 4.2, 2.2 Hz, 1H), 5.22 (dd, J = 6.1, 4.0 Hz, 1H), 5.13 (dd, J = 7.0, 4.2 Hz, 
1H), 5.02 (dd, J = 7.0, 4.0 Hz, 1H), 3.08 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 157.2, 156.9, 137.2, 135.5, 132.8, 130.1, 128.9, 127.9, 127.8, 127.5, 127.5, 
126.3, 118.8, 75.8, 74.7, 60.3, 54.4, 26.1. [One aromatic signal was not detected, even using longer 
relaxation and delay times and an HMBC experiment]. 
HRMS (ESI-TOF, m/z) calcd. For C19H16BBrN3O4 [M+H]+ calc.: 440.0417 found: 440.0423. 
IR (ATR, neat, cm-1): 3057 (w), 2937 (w), 1760 (m), 1698 (s), 1597 (w), 1457 (m), 1393 (m), 1375 (m), 
1262 (m), 1217 (s), 1197 (m), 1082 (s), 1012 (m), 815 (s). 
2.10.5. General procedure B for Suzuki coupling of dihydroxylated products. In a glove box, boronic 
ester 2.90 (0.5 mmol, 1.0 equiv.) and Pd(dppf)Cl2 (18.3 mg, 0.025 mmol, 5 mol%) were added to an oven-
dried Schlenk tube. The tube was removed from the glove box and degassed THF (4.5 mL), water (0.5 mL) 
and triethylamine (0.35 mL, 5.0 equiv.) were added under a nitrogen atmosphere. The tube was sealed, and 
the reaction was heated to 70 °C for 4 h. Upon completion, the reaction was cooled to room temperature, 
aqueous HCl (1.0 M, 5.0 mL) was added and the reaction is stirred for 5 min. The reaction was then diluted 
with water (5 mL) and EtOAc (10 mL). Layers were separated, and the aqueous layer extracted with EtOAc 
(3 × 10 mL). The organic layers were washed with water (20 mL) and brine (20 mL), dried with MgSO4, 






Synthesis of 2.91a: Following the general procedure B, the title compound (78 mg, 0.33 
mmol, 65%) was isolated by flash chromatography (SiO2, hexanes:acetone = 2:1) as a white foam. 
Rf = 0.10 (SiO2, hexanes:acetone = 2:1, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) δ 7.50 – 7.46 (m, 2H), 7.41 – 7.32 (m, 3H), 6.52 (ddd, J = 5.9, 2.1, 0.8 Hz, 
1H), 5.37 (dd, J = 3.8, 2.1 Hz, 1H), 5.03 (dd, J = 5.9, 3.5 Hz, 1H), 4.53 – 4.47 (m, 1H), 4.43 – 4.37 (m, 
1H), 3.10 – 3.01 (m, 2H), 2.97 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 157.7, 157.3, 142.0, 135.4, 129.2, 129.2, 125.7, 120.4, 66.3, 65.9, 56.1, 
54.3, 25.9. 
HRMS (ESI-TOF, m/z) calcd. For C15H16N3O4 [M+H]+ calc.: 302.1141 ; found: 302.1140. 
IR (ATR, neat, cm-1): 3406 (br s), 3057 (w), 2936 (w), 1763 (w), 1691 (s), 1573 (w), 1458 (s), 1393 (s), 
1259 (w), 1201 (m), 1077 (m), 910 (m). 
 Synthesis of 2.91b: Following the general procedure B, the title compound (121 
mg, 0.37 mmol, 73%) was isolated by flash chromatography (SiO2, hexanes:acetone = 2:1) as a white foam. 
Rf = 0.16 (SiO2, hexanes:acetone = 2:1, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) δ 7.52 – 7.41 (m, 2H), 6.98 – 6.88 (m, 2H), 6.44 (dd, J = 5.9, 2.1 Hz, 1H), 
5.38 (dd, J = 3.8, 2.1 Hz, 1H), 5.03 (dd, J = 5.9, 3.5 Hz, 1H), 4.51 (ddd, J = 7.1, 6.3, 3.8 Hz, 1H), 4.41 (ddd, 
J = 7.1, 6.3, 3.5 Hz, 1H), 3.84 (s, 3H), 3.02 (d, J = 6.3 Hz, 1H), 2.99 (s, 3H), 2.98 (d, J = 6.3 Hz, 1H). 
13C NMR (126 MHz, CDCl3) δ 160.6, 157.8, 157.4, 141.4, 128.0, 127.0, 118.0, 114.6, 66.3, 65.9, 56.0, 
55.5, 54.4, 25.8. 





IR (ATR, neat, cm-1): 3441 (s), 3397 (s), 2968 (w), 2942 (w), 1781 (w), 1704 (s), 1610 (m), 1513 (m), 1461 
(m), 1393 (m), 1300 (w), 1259 (s), 1185 (s), 1030 (s). 
 Synthesis of 2.91c: Following the general procedure B, the title compound (110 mg, 
0.32 mmol, 64%) was isolated by flash chromatography (SiO2, hexanes:acetone = 2:1) as an off-white foam. 
Rf = 0.13 (SiO2, hexanes:acetone = 2:1, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) δ 6.96 (dd, J = 8.0, 1.8 Hz, 1H), 6.93 (d, J = 1.8 Hz, 1H), 6.79 (d, J = 8.0 Hz, 
1H), 6.36 (dt, J = 6.0, 2.0, 0.8 Hz, 1H), 5.95 (s, 2H), 5.27 (dd, J = 3.8, 2.0 Hz, 1H), 4.97 (dd, J = 6.0, 3.4 
Hz, 1H), 4.46 – 4.39 (m, 1H), 4.36 – 4.30 (m, 1H), 3.55 – 3.49 (m, 2H), 2.95 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 157.7, 157.3, 148.6, 148.5, 141.4, 129.8, 119.8, 118.7, 108.8, 105.9, 101.6, 
66.1, 65.7, 56.2, 54.4, 25.9. 
HRMS (ESI-TOF, m/z) calcd. For C16H16N3O6 [M+H]+ calc.: 346.1039; found: 346.1041. 
IR (ATR, neat, cm-1): 3386 (br s), 2917 (w), 1760 (w), 1693 (s), 1490 (m), 1449 (s), 1394 (m), 1217 (s), 
1078 (m), 1035 (s), 912 (m). 
Synthesis of 2.91d: Following the general procedure B, the title compound (134 mg, 
0.43 mmol, 85%) was isolated by flash chromatography (SiO2, hexanes:acetone = 2:1) as a white foam. 
Rf = 0.22 (SiO2, hexanes:acetone = 2:1, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) = δ 7.37 (d, J = 8.0 Hz, 2H), 7.18 (d, J = 8.0 Hz, 2H), 6.47 (ddd, J = 5.9, 2.2, 
0.8 Hz, 1H), 5.35 (dd, J = 3.6, 2.2 Hz, 1H), 5.00 (dd, J = 5.9, 3.6 Hz, 1H), 4.48 – 4.43 (m, 1H), 4.38 – 4.31 
(m, 1H), 3.25 (d, J = 6.1 Hz, 1H), 3.19 (d, J = 6.1 Hz, 1H), 2.95 (s, 3H), 2.34 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 157.7, 157.3, 141.7, 139.4, 132.6, 129.8, 125.5, 119.3, 66.2, 65.8, 56.0, 





HRMS (ESI-TOF, m/z) calcd. For C16H18N3O4 [M+H]+ calc.: 316.1297; found: 316.1305. 
IR (ATR, neat, cm-1): 3406 (br s), 2923 (w) 2855 (w), 1765 (m), 1691 (s), 1513 (w), 1456 (m), 1394 (m), 
1205 (m), 1076 (m), 1021 (m), 911 (m). 
 Synthesis of 2.91e: Following the general procedure B, the title compound (96 mg, 
0.31 mmol, 61%) was isolated by flash chromatography (SiO2, hexanes:acetone = 2:1) as a white foam. 
Rf = 0.22 (SiO2, hexanes:acetone = 2:1, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) δ 7.30 – 7.26 (m, 3H), 7.17 – 7.14 (m, 1H), 6.50 (ddd, J = 6.0, 2.1, 1.1 Hz, 
1H), 5.36 (ddd, J = 3.6, 2.0, 0.7 Hz, 1H), 5.01 (ddd, J = 5.8, 3.5, 1.0 Hz, 1H), 4.50 – 4.44 (m, 1H), 4.41 – 
4.33 (m, 1H), 3.31 – 3.07 (m, 2H), 2.96 (s, 3H), 2.36 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 157.7, 157.3, 142.0, 138.9, 135.4, 130.0, 129.0, 126.3, 122.7, 120.1, 66.2, 
65.9, 56.1, 54.3, 25.9, 21.6. 
HRMS (ESI-TOF, m/z) calcd. For C16H18N3O4 [M+H]+ calc.: 316.1297; found: 316.1297. 
IR (ATR, neat, cm-1): 3525 (m), 3399 (m), 2923 (w), 2855 (m), 1759 (m), 1692 (s), 1601 (w), 1462 (m), 
1395 (m), 1365 (w), 1224 (m), 1173 (w), 1083 (m), 1038 (m). 
 Synthesis of 2.91f: Following the general procedure B, the title compound (105 mg, 0.33 
mmol, 66%) was isolated by flash chromatography (SiO2, hexanes:acetone = 2:1) as a white foam. 
Rf = 0.23 (SiO2, hexanes:acetone = 2:1, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) δ 7.38 – 7.34 (m, 1H), 7.25 – 7.18 (m, 3H), 6.28 (ddd, J = 5.9, 2.0, 0.8 Hz, 
1H), 5.09 (dd, J = 3.6, 2.0 Hz, 1H), 5.03 (dd, J = 5.9, 3.4 Hz, 1H), 4.47 (ddd, J = 7.3, 5.4, 3.6 Hz, 1H), 4.45 





13C NMR (126 MHz, CDCl3) δ 157.4, 157.1, 141.5, 135.6, 135.3, 131.2, 128.4, 128.2, 126.5, 124.7, 66.3, 
65.7, 58.7, 54.0, 25.8, 20.7. 
HRMS (ESI-TOF, m/z) calcd. For C16H18N3O4 [M+H]+ calc.: 316.1297; found: 316.1305. 
IR (ATR, neat, cm-1): 3492 (m), 3416 (m), 2952 (w), 2900 (w), 1763 (m), 1701 (s), 1456 (m), 1395 (m), 
1259 (w), 1211 (m), 1115 (w), 1081 (m), 939 (m). 
 Synthesis of 2.91g: Following the general procedure B, the title compound (123 mg, 
0.37 mmol, 74%) was isolated by flash chromatography (SiO2, hexanes:acetone = 2:1) as a white foam. 
Rf = 0.25 (SiO2, hexanes:acetone = 2:1, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) δ 7.43 – 7.39 (m, 2H), 7.37 – 7.33 (m, 2H), 6.51 (ddd, J = 5.9, 2.1, 0.8 Hz, 
1H), 5.31 (dd, J = 3.8, 2.1 Hz, 1H), 5.03 (dd, J = 5.9, 3.5 Hz, 1H), 4.53 – 4.46 (m, 1H), 4.43 – 4.36 (m, 
1H), 3.02 – 2.98 (m, 2H), 2.97 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 157.7, 157.4, 141.1, 135.3, 134.0, 129.4, 127.0, 120.8, 66.2, 65.8, 56.1, 
54.3, 25.9. 
HRMS (ESI-TOF, m/z) calcd. For C15H15ClN3O4 [M+H]+ calc.: 336.0751; found: 336.0748. 
IR (ATR, neat, cm-1): 3386 (br s), 2926 (w), 1764 (w), 1692 (s), 1456 (s), 1394 (m), 1206 (m), 1090 (m), 
1015 (m), 937 (m), 911 (m). 
 Synthesis of 2.91h: Following the general procedure B, the title compound (118 mg, 
0.37 mmol, 74%) was isolated by flash chromatography (SiO2, hexanes:acetone = 2:1) as a white foam. 





1H NMR (500 MHz, CDCl3) δ 7.50 – 7.40 (m, 2H), 7.10 – 7.03 (m, 2H), 6.47 (dd, J = 5.9, 2.1 Hz, 1H), 
5.32 (dd, J = 3.8, 2.1 Hz, 1H), 5.02 (dd, J = 5.9, 3.4 Hz, 1H), 4.54 – 4.45 (m, 1H), 4.45 – 4.35 (m, 1H), 2.98 
(s, 3H), 2.96 – 2.91 (m, 2H). 
13C NMR (126 MHz, CDCl3) δ 163.4 (d, J = 249 Hz), 157.7, 157.5, 141.2, 131.8 (d, J = 3 Hz), 127.6 (d, J 
= 8 Hz), 120.1, 116.2 (d, J = 22 Hz), 66.3, 65.9, 56.2, 54.3, 25.9. 
19F NMR (470 MHz, CDCl3) δ –112.6. 
HRMS (ESI-TOF, m/z) calcd. For C15H15FN3O4 [M+H]+ calc.: 320.1047; found: 320.1060. 
IR (ATR, neat, cm-1): 3386 (br s), 3017 (w), 2970 (w), 1763 (m), 1694 (s), 1601 (w), 1509 (m), 1461 (m), 
1395 (m), 1226 (m), 1161 (w), 1078 (m), 1016 (m), 937 (w). 
 Synthesis of 2.91i: Following the general procedure B, the title compound (113 mg, 
0.31 mmol, 61%) was isolated by flash chromatography (SiO2, hexanes:acetone = 2:1) as a white foam. 
Rf = 0.20 (SiO2, hexanes:acetone = 2:1, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) δ 7.63 (d, J = 8.0 Hz, 2H), 7.58 (d, J = 8.0 Hz, 2H), 6.61 (dd, J = 5.8, 2.0 Hz, 
1H), 5.35 (dd, J = 3.8, 2.0 Hz, 1H), 5.05 (dd, J = 5.8, 3.5 Hz, 1H), 4.50 (ddd, J = 7.2, 5.5, 3.8 Hz, 1H), 4.45 
– 4.37 (m, 1H), 3.42 – 3.33 (m, 2H), 2.97 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 157.6, 157.4, 141.0, 138.9, 131.1 (q, J = 33 Hz), 126.1 (q, J = 4 Hz), 126.1, 
124.0 (q, J = 272 Hz), 122.7, 66.1, 65.7, 56.0, 54.3, 25.9. 
19F NMR (470 MHz, CDCl3) δ –63.2. 
HRMS (ESI-TOF, m/z) calcd. For C16H15N3O4F3 [M+H]+ calc.: 370.1015; found: 370.1024. 
IR (ATR, neat, cm-1): 3383 (br s), 2925 (w), 1768 (w), 1694 (s), 1615 (w), 1456 (m), 1396 (m), 1323 (s), 





 Synthesis of 2.91j: Following the general procedure B, the title compound (118 mg, 
0.34 mmol, 67%) was isolated by flash chromatography (SiO2, hexanes:acetone = 2:1) as a white foam. 
Rf = 0.15 (SiO2, hexanes:acetone = 2:1, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) δ 7.95 – 7.92 (m, 1H), 7.88 – 7.83 (m, 1H), 7.83 – 7.75 (m, 2H), 7.56 (dd, J 
= 8.6, 1.9 Hz, 1H), 7.50 – 7.45 (m, 2H), 6.63 (ddd, J = 6.0, 2.1, 0.8 Hz, 1H), 5.52 (dd, J = 3.8, 2.1 Hz, 1H), 
5.05 (dd, J = 6.0, 3.5 Hz, 1H), 4.50 (ddd, J = 7.1, 5.4, 3.7 Hz, 1H), 4.41 – 4.35 (m, 1H), 3.36 – 3.26 (m, 
2H), 2.95 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 157.7, 157.3, 141.7, 133.5, 133.4, 132.6, 128.9, 128.7, 127.7, 126.9, 126.8, 
125.1, 123.0, 120.6, 66.2, 65.9, 55.9, 54.4, 25.9. 
HRMS (ESI-TOF, m/z) calcd. For C19H18N3O4 [M+H]+ calc.: 352.1297; found: 352.1293. 
IR (ATR, neat, cm-1): 3376 (br s), 2925 (w), 2324 (w), 2162 (w), 2050 (w), 1760 (m), 1694 (s), 1456 (m), 
1394 (m), 1263 (w), 1216 (m), 1045 (m), 1015 (m), 936 (m). 
2.10.6. General procedure C for cycloreversion of arenophile and biaryl dihydrodiol synthesis. In a 4 
mL vial under nitrogen, diol 2.91 (0.1 mmol, 1.0 equiv.) was dissolved in anhydrous hydrazine (0.1 mL). 
The reaction was heated to 100 °C and stirred for 12 h. The reaction was then cooled to room temperature 
and the hydrazine was removed under reduced pressure. Water (1 mL) was then added, followed by 
CuCl2•2H2O (17.0 mg, 0.1 mmol, 1.0 equiv.). The reaction was stirred for five minutes at room temperature, 
turned brown, and evolved gas, then NH4OH (5.0 M, 1 mL) was added. Et2O was added, the layers were 
separated, and the aqueous layer was extracted with Et2O (5 × 5 mL). The combined organic layers were 
dried with MgSO4, filtered, and concentrated in vacuo. The crude dienes 2.92 were deemed to be >95% 





 Synthesis of 2.92a: Following the general procedure C, the title compound (12 mg, 62 
μmol, 62%) was without further purification as an off-white solid. 
Rf = 0.30 (SiO2, hexanes:EtOAc = 1:2, UV + KMnO4) 
m.p. = 98–99 °C 
1H NMR (500 MHz, CDCl3) δ 7.43 – 7.39 (m, 2H), 7.39 – 7.34 (m, 2H), 7.34 – 7.29 (m, 1H), 6.39 (ddd, J 
= 9.8, 1.7, 1.6 Hz, 1H), 6.17 (ddd, J = 4.3, 1.7, 0.8 Hz, 1H), 6.13 (ddd, J = 9.8, 3.8, 0.8 Hz, 1H), 4.47 – 4.37 
(m, 1H), 4.37 – 4.27 (m, 1H), 2.41 – 2.21 (m, 2H). 
13C NMR (126 MHz, CDCl3) δ 138.8, 136.5, 131.1, 128.7, 128.2, 126.5, 125.9, 124.9, 68.2, 67.7. 
HRMS (ESI-TOF, m/z) calcd. For C12H13O2 [M+H]+ calc.: 189.0916; found: 189.0921. 
IR (ATR, neat, cm-1): 3445 (m), 3291 (br s), 2926 (w), 2899 (w), 1980 (w), 1876 (w), 1739 (w), 1611 (w), 
1497 (m), 1447 (m), 1380 (m), 1353 (m), 1081 (s), 1024 (s), 964 (m). 
 Synthesis of 2.92b: Following the general procedure C, the title compound (20 mg, 
93 μmol, 93%) was isolated without further purification as an off-white solid. 
Rf = 0.10 (SiO2, hexanes:EtOAc = 1:2, UV + KMnO4) 
m.p. = 180–181 °C 
1H NMR (500 MHz, CDCl3) δ 7.38 – 7.33 (m, 2H), 6.94 – 6.85 (m, 2H), 6.37 (ddd, J = 10.1, 1.6, 1.5 Hz, 
1H), 6.15 – 6.06 (m, 2H), 4.41 – 4.29 (m, 2H), 3.82 (s, 3H), 2.26 (d, J = 8.4 Hz, 1H), 2.10 (d, J = 8.0 Hz, 
1H). 
13C NMR (126 MHz, CDCl3) δ 159.7, 135.9, 131.3, 131.2, 127.1, 126.4, 123.0, 114.1, 68.1, 67.9, 55.5. 





IR (ATR, neat, cm-1): 3307 (br s), 3037 (w), 2919 (w), 2837 (w), 2050 (w), 1887 (w), 1607 (m), 1499 (s), 
1464 (m) 1388 (w), 1240 (m), 1176 (m), 1033 (m), 815 (s). 
Synthesis of 2.92c: Following the general procedure C, the title compound (10 mg, 
45 μmol, 45%) was without further purification as an off-white solid.  
Rf = 0.27 (SiO2, hexanes:acetone = 1:2, UV + KMnO4) 
m.p. = 83–85 °C (decomposition) 
1H NMR (500 MHz, CDCl3) δ 6.91 – 6.88 (m, 2H), 6.81 – 6.78 (m, 1H), 6.32 (ddd, J = 9.9, 1.7, 1.6 Hz, 
1H), 6.10 (ddd, J = 9.9, 3.8, 0.8 Hz, 1H), 6.08 (ddd, J = 4.4, 1.9, 0.8 Hz, 1H), 5.97 (s, 2H), 4.41 – 4.26 (m, 
2H), 2.26 (s, 1H), 2.13 (s, 1H). 
13C NMR (126 MHz, CDCl3) δ 148.1, 147.7, 136.1, 133.2, 131.2, 126.5, 123.6, 119.6, 108.4, 106.4, 101.4, 
68.1, 67.8. 
HRMS (ESI-TOF, m/z) calcd. For C13H12O4Na [M+Na]+ calc.: 255.0633; found: 255.0643. 
IR (ATR, neat, cm-1): 3292 (br s), 2914 (w), 1606 (w), 1503 (s), 1487 (s), 1446 (s), 1351 (w), 1241 (s), 
1219 (s), 1170 (w), 1082 (m), 1033 (s), 931 (s). 
Synthesis of 2.92d: Following the general procedure C, the title compound (13 mg, 
62 μmol, 62%) was without further purification as an off-white solid. 
Rf = 0.44 (SiO2, hexanes:EtOAc = 1:2, UV + KMnO4) 
m.p. 91–93 °C (decomposition) 
1H NMR (500 MHz, CDCl3) δ 7.34 – 7.28 (m, 2H), 7.20 – 7.14 (m, 2H), 6.38 (ddd, J = 9.8, 1.7, 1.6 Hz, 
1H), 6.14 (ddd, J = 4.6, 1.7, 0.8 Hz, 1H), 6.11 (ddd, J = 9.8, 3.7, 0.8 Hz, 1H), 4.40 – 4.35 (m, 1H), 4.38 – 





13C NMR (126 MHz, CDCl3) δ 138.1, 136.3, 135.9, 131.1, 129.4, 126.5, 125.8, 124.0, 68.2, 67.8, 21.3. 
HRMS (ESI-TOF, m/z) calcd. For C13H14O2Na [M+Na]+ calc.: 225.0891; found: 225.0893. 
IR (ATR, neat, cm-1): 3287 (br s), 3029 (w), 2918 (m), 2860 (m), 1906 (w), 1738 (w), 1513 (m), 1447 (w), 
1356 (m), 1301 (w), 1231 (m), 1131 (m), 1081 (s). 
 Synthesis of 2.92e: Following the general procedure C, the title compound (14 mg, 
70 μmol, 70%) was isolated without further purification as a clear oil. 
Rf = 0.30 (SiO2, hexanes:EtOAc = 1:2, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) δ 7.31 – 7.22 (m, 3H), 7.18 – 7.14 (m, 1H), 6.41 (ddd, J = 9.8, 1.8, 1.6 Hz, 
1H), 6.19 (ddd, J = 4.3, 1.8, 0.8 Hz, 1H), 6.14 (ddd, J = 9.8, 3.8, 0.8 Hz, 1H), 4.44 – 4.39 (m, 1H), 4.39 – 
4.33 (m, 1H), 2.39 (s, 3H), 2.29 – 2.23 (m, 1H), 2.23 – 2.15 (m, 1H). 
13C NMR (126 MHz, CDCl3) δ 138.8, 138.4, 136.6, 131.0, 128.9, 128.6, 126.7, 126.6, 124.7, 123.0, 68.2, 
67.7, 21.6. 
HRMS (ESI-TOF, m/z) calcd. For C13H14O2Na [M+Na]+ calc.: 225.0891; found: 225.0882. 
IR (ATR, neat, cm-1): 3337 (br s), 3041 (w), 2921 (m), 1604 (w), 1487 (w), 1379 (m), 1312 (w), 1264 (m), 
1166 (w), 1079 (s), 1021 (s), 974 (m). 
Synthesis of 2.92f: Following the general procedure C, the title compound (16 mg, 77 
μmol, 77%) was isolated without further purification as a clear oil. 
Rf = 0.30 (SiO2, hexanes:EtOAc = 1:2, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) δ 7.25 – 7.15 (m, 3H), 7.14 (dd, J = 7.9, 1.4 Hz, 1H), 6.05 – 6.00 (m, 2H), 





13C NMR (126 MHz, CDCl3) δ 140.0, 138.2, 135.3, 130.5, 129.7, 128.4, 128.3, 127.9, 126.8, 126.0, 67.8, 
67.7, 20.3. 
HRMS (ESI-TOF, m/z) calcd. For C13H14O2Na [M+Na]+ calc.: 225.0891; found: 225.0893. 
IR (ATR, neat, cm-1): 3339 (br s), 3036 (w), 2922 (w), 1480 (m), 1381(m), 1259 (m), 1165 (w), 1078 (s), 
1030 (m), 991 (m), 969 (m), 818 (s), 676 (s). 
 Synthesis of 2.92g: Following the general procedure C, the title compound (14 mg, 
61 μmol, 61%) was isolated without further purification as an off-white solid. 
Rf = 0.30 (SiO2, hexanes:EtOAc = 1:2, UV + KMnO4) 
m.p. = 81–83 °C (decomposition) 
1H NMR (500 MHz, CDCl3) δ 7.36 – 7.32 (m, 4H), 6.33 (ddd, J = 9.9, 1.7, 1.5 Hz, 1H), 6.17 – 6.12 (m, 
2H), 4.44 – 4.37 (m, 1H), 4.33 (dd, J = 9.0, 3.4 Hz, 1H), 2.27 (s, 1H), 2.25 (s, 1H). 
13C NMR (126 MHz, CDCl3) δ 137.3, 135.5, 134.1, 131.3, 128.9, 127.2, 126.1, 125.4, 68.2, 67.5. 
HRMS (ESI-TOF, m/z) calcd. For C12H12ClO2 [M+H]+ calc.: 223.0526; found: 223.0536. 
IR (ATR, neat, cm-1): 3307 (br s), 2921 (w), 2851 (w), 2107 (w), 1900 (w), 1700 (w), 1593 (w), 1486 (m), 
1396 (w), 1229 (m), 1092 (s), 993, (m), 812 (s). 
 Synthesis of 2.92h: Following the general procedure C, the title compound (13 mg, 65 
μmol, 65%) was isolated without further purification as an off-white solid. 
Rf = 0.33 (SiO2, hexanes:EtOAc = 1:2, UV + KMnO4) 





1H NMR (500 MHz, CDCl3) δ 7.40 – 7.35 (m, 2H), 7.08 – 7.02 (m, 2H), 6.34 (ddd, J = 9.7, 1.7, 1.6 Hz, 
1H), 6.15 – 6.11 (m, 2H), 4.39 (dd, J = 6.5, 6.2 Hz, 1H), 4.33 (dd, J = 6.5, 6.2 Hz, 1H), 2.28 (d, J = 8.5 Hz, 
1H), 2.23 (d, J = 8.2 Hz, 1H). 
13C NMR (126 MHz, CDCl3) δ 162.6 (d, J = 247 Hz), 135.4, 134.8 (d, J = 4 Hz), 131.2, 127.5 (d, J = 8 
Hz), 126.1, 124.6, 115.5 (d, J = 22 Hz), 68.0, 67.4. 
19F NMR (471 MHz, CDCl3) δ -114.4. 
HRMS (ESI-TOF, m/z) calcd. For C12H11FO2 [M+Na]+ calc.: 229.0641; found: 229.0651. 
IR (ATR, neat, cm-1): 3295 (br s), 2923 (w), 2853 (w), 1994 (w), 1739 (w), 1599 (m), 1509 (s), 1419 (m), 
1351 (m), 1299 (w), 1233 (s), 1164 (m), 1014 (m), 827 (s). 
Synthesis of 2.92i: Following the general procedure C, the title compound (11 mg, 
41 μmol, 41%) was isolated without further purification as an off-white foam. 
Rf = 0.22 (SiO2, hexanes:EtOAc = 1:2, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) δ 7.62 (d, J = 8.1 Hz, 2H), 7.51 (d, J = 8.1 Hz, 2H), 6.37 (d, J = 9.9 Hz, 1H), 
6.24 (d, J = 4.1 Hz, 1H), 6.19 (dd, J = 9.9, 3.9 Hz, 1H), 4.44 (dd, J = 5.2, 3.9 Hz, 1H), 4.35 (dd, J = 5.2, 4.4 
Hz, 1H), 2.35 – 2.10 (m, 2H). 
13C NMR (126 MHz, CDCl3) δ 142.2 (q, J = 1.5 Hz), 135.2, 131.2, 130.0 (q, J = 32.6 Hz), 127.0, 126.09, 
125.8, 125.6 (q, J = 3.8 Hz), 124.1 (q, J = 272.0 Hz), 68.1, 67.1. 
HRMS (ESI-TOF, m/z) calcd. For C13H11F3O2Na [M+Na]+ calc.: 279.0609; found: 279.0612. 
IR (ATR, neat, cm-1): 3275 (br s), 2918 (w), 1737 (w), 1615 (w), 1412 (w), 1323 (s), 1162 (m), 1123 (s), 





 Synthesis of 2.92j: Following the general procedure C, the title compound (17 mg, 
70 μmol, 70%) was isolated without further purification as an off-white solid. 
Rf = 0.30 (SiO2, hexanes:EtOAc = 1:2, UV + KMnO4) 
m.p. 158–160 °C (decomposition) 
1H NMR (500 MHz, CDCl3) δ 7.87 – 7.80 (m, 4H), 7.56 (dd, J = 8.6, 1.9 Hz, 1H), 7.52 – 7.45 (m, 2H), 
6.55 (ddd, J = 9.8, 1.7, 1.6 Hz, 1H), 6.32 (ddd, J = 4.3, 1.8, 0.8 Hz, 1H), 6.19 (ddd, J = 9.8, 3.8, 0.8 Hz, 
1H), 4.46 (dd, J = 6.3, 4.3 Hz, 1H), 4.42 – 4.36 (m, 1H), 2.32 (s, 2H). 
13C NMR (126 MHz, CDCl3) δ 136.3, 136.0, 133.4, 133.1, 131.2, 128.5, 128.3, 127.8, 126.6, 126.4, 126.4, 
125.4, 124.8, 124.0, 68.3, 67.7. 
HRMS (ESI-TOF, m/z) calcd. For C16H14O2Na [M+Na]+ calc.: 261.0891; found: 261.0888. 
IR (ATR, neat, cm-1): 3309 (br s), 3052 (w), 2970 (w), 1919 (w), 1738 (m), 1409 (m), 1276 (w), 1204 (m), 
1081 (m), 933 (w), 839 (m), 817 (s). 
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CHAPTER 3. TOWARDS THE TOTAL SYNTHESIS OF COLLYBOLIDE 
3.1. Introduction.  
3.1.1. The opioid crisis and KOR agonists. In recent years, overdoses caused by prescription and illegal 
opioid drugs have drastically increased, resulting in a crisis that has affected the lives of many Americans.1 
This costly and tragic phenomenon has been the result of overprescription and poor regulation of opioid 
painkillers, as well as the development of highly potent and addictive compounds.2 The identification of 
alternative treatments for pain and for opiate addiction has therefore become increasingly important, and 
multiple strategies for addressing this problem have been pursued.3 
One such approach has been the exploration of opioid receptor agonists that affect the κ-opioid 
receptor (KOR), rather than the -opioid receptor (MOR).4 Agonism of the-opioid receptor, the 
mechanism of action for many common painkillers in the clinic, is associated with adverse gastrointestinal 
effects, respiratory system repression, and importantly, dependence and addiction. In contrast, KOR-
selective agonists have shown promise as analgesic agents without these negative aspects.5 Multiple classes 
of KOR agonists have been discovered in recent decades – from peptidomimetics similar to the native 
ligands of the receptor (e.g., CR665, 3.1), to morphinans (e.g., nalfurafine, 3.2), benzomorphans (e.g., 
ketocyclazocine, 3.3), and isoquinolinones (e.g., IYY, 3.4) (Scheme 3.1).5  
 





KOR agonists have been evaluated in clinical trials,6 and there is currently one marketed KOR agonist, 
Nalfurafine (3.2), which is an anti-pruritic compound approved for use in Japan.7 Within this family of 
biologically active compounds, the search for biased agonists has been of increasing interest. Compounds 
that show biased agonism selectively activate downstream signaling cascades; modulating specific 
outcomes of KOR agonism could be beneficial in the clinical developments of analgesic drugs.8 
An example of a natural product that exhibits KOR-selective agonism is the plant-derived diterpene 
salvinorin A (3.5), produced by the sage bush Salvia divinorum (Scheme 3.2).9  
 
Scheme 3.2. Salvinorin A and analogues developed for analgesic and anti-inflammatory activity. 
This natural product, which was the first non-nitrogenous KOR agonist identified, is a hallucinogenic 
compound, but it has garnered significant interests as a starting point for the development of a new class of 
therapeutic agents. Derivatives of salvinorin A have been shown to have improved pharmacokinetic 
properties and differing activity profiles compared to the natural product (e.g. PR-38, 3.6, and RB-64, 3.7) 
but there remains room for development with respect to the aversion and pro-depressive effects that are 
associated with this compound.10  
3.1.2. Collybolide and related natural products. Collybolide (3.8), a metabolite produced by the 
mushroom collybia maculata, was first isolated in 1970 by Potier and coworkers (Scheme 3.3).11 
Importantly, the mushrooms that produce collybolide have no reported hallucinogenic or psychotropic 
properties, suggesting that collybolide also lacks these effects.12 Since the discovery of collybolide, a series 







Scheme 3.3. Collybolide and related fungal natural products from c. maculata and c. peronata. 
However, no reports on the biological activity of collybolide or the related natural products were 
published until 2016, when Parello, Devi, and coworkers reported the KOR agonist effect of 3.8 and its 
epimer 9-epi-collybolide (3.9).12 In their report, collybolide was shown to induce KOR agonism with an 
EC50 in the nanomolar range. Evaluation of collybolide’s effect on ERK1/2 and Akt phosphorylation in 
vitro suggested that its effect on G-coupled protein receptors could occur via a different mechanism of 
action than that of salvinorin A (3.5). In mice, collybolide showed increased antipruritic activity against 
chloroquine-mediated itch and exhibited potential for antidepressant effects, in contrast to salvinorin A.  
We decided to pursue the total synthesis of this natural product, as no syntheses the compound have 
been reported to date. Access to this compound via total synthesis could assist further studies on the specific 
biological activity of collybolide and facilitate the development of new biased KOR agonists, particularly 
through analogue synthesis. SAR studies on collybolide analogues could provide clearer insights into the 
origin of the differing selectivity of this compound compared to that of salvinorin A, as well as afford 
compounds that have better solubility and pharmacokinetic profiles. While 9-epi-collybolide proved to be 
less potent than collybolide itself in KOR agonism,12 no other structure activity relationships are known for 
these compounds. Thus far, we have explored two approaches toward collybolide, one based on conjugate 
addition into a pyrone building block and one based on dearomative hydrogenation and desymmetrization 





possessed by salvinorin A, but it lacks a third carbocyclic ring in its core. There are six stereocenters in the 
natural product structure, four of which are contiguous and one of which is a quaternary carbon. The two 
strategies we have explored utilize different approaches for installing these stereocenters in an expedient 
and controlled fashion.   
3.2. Approaches towards collybolide. 
3.2.1. Retrosynthetic analysis for collybolide via conjugate addition approach. As a first approach, we 
recognized that collybolide (3.8) could be accessed through difunctionalization of enol lactone 3.16 through 
epoxidation of the enol ether and addition of an organometallic species into the resulting oxocarbenium ion 
(Scheme 3.4).14 We envisioned accessing 3.16 through intramolecular conjugate addition of the 
nucleophilic α-position of the lactone into the pyrone motif of 3.18.  
 
Scheme 3.4. Retrosynthetic analysis for accessing collybolide via pyrone conjugate addition. 
With the lactone in 3.18 pre-installed, the intramolecular conjugate addition could occur through chair-like 
transition state 3.17, which would result in the formation of the desired stereochemistry of the contiguous 
stereocenters after protonation of the enolate. Such an intermediate could be accessed through coupling of 
3-bromo-2-pyrone 3.19 and lactone synthon 3.20. While this approach would provide direct access to the 
core framework of collybolide, there are no reports in the literature of intramolecular conjugate additions 
of ester-derived enolates into α,β–unsaturated esters to form six-membered rings, with or without the 





pursued a model system to probe the feasibility of such a conjugate addition step. Pyrones have been shown 
to act as electrophiles in 1,4-addition reactions in limited cases; for example, copper-catalyzed asymmetric 
1,4-additions of Grignard reagents has been described by Feringa and coworkers.15 However, enol ethers 
have also been reported to add to the 6-position of pyrones in intermolecular Diels–Alder reactions.16 We 
therefore needed to explore the reactivity of pyrones in the proposed intramolecular cyclization. 
3.2.2. Model system conjugate addition utilizing polar mechanisms. To this end, bromopyrone 3.19 was 
coupled with organoboron species 3.23 and 3.24, derived from the corresponding alkenyl esters 3.21 and 
3.22 to give linear precursors 3.25 and 3.26 (Scheme 3.5).  
 
Scheme 3.5. β–alkyl Suzuki couplings with 3-bromopyrone and 4-pentenoic acid ester derivatives. 
Attempts to form 3.27 via deprotonation of 3.25 with LDA at cold temperatures resulted in decomposition, 
as did attempted formation of 3.28 via soft deprotonation, formation of the silyl ketene acetal, and pyrone 
activation from 3.26;17 formation of the α-bromoester 3.29, which could act as the substrate for organozinc 
formation and transmetalation to copper, failed through deprotonative and radical approaches (Scheme 3.6). 
After unsuccessful reactions under a polar regime, likely in part due to the sensitivity of pyrone motifs, we 
decided to explore the Giese reaction as a milder alternative.18 
3.2.3. Radical conjugate addition with a carboxylic acid precursor. Our first approach toward 1,4-
addition was to utilize a carboxylic acid as a radical precursor (Scheme 3.7). We were inspired a report by 
Nicewicz and coworkers that described radical protodecarboxylations of malonate derivatives in the 
presence of an organic photocatalyst.19 To evaluate this approach for conjugate addition, we needed to 






Scheme 3.6. Failed attempts at Michael addition and bromoester formation. 
Starting from the coupled product 3.31, accessed via Suzuki coupling between bromopyrone 3.19 and 
organoboron 3.30, cleavage of the tert-butyl ester under acidic conditions afforded carboxylic acid 3.32. 
Unfortunately, exposure of 3.32 to photocatalyst 3.33, diphenyl disulfide, and base did not promote radical 
formation or formation of 3.34, and the starting material was recovered in 83% yield. 
 
Scheme 3.7. Attempted radical decarboxylation under organophotoredox catalysis. 
3.2.4. NHP esters as Giese reaction precursors. As an alternative, we pursued a nickel-catalyzed 
intramolecular Giese reaction using a more-activated N–hydroxyphthalimide ester (NHP ester) as a radical 
precursor. This approach was inspired by decarboxylation chemistry developed by Baran and coworkers 





different radical-based couplings and Giese reactions, this chemistry had not been expanded to include 
malonate derivatives as substrates for decarboxylation.21  
 
Scheme 3.8. Attempted decarboxylation under Ni catalysis with NHP ester. 
Therefore, we synthesized NHP ester 3.36 from the carboxylic acid starting material 3.32, using N–
hydroxyphthalimide (3.35) and DIC as a coupling reagent. NHP ester 3.36 was exposed to conditions 
described by Baran and coworkers for the corresponding Giese reaction, but while decarboxylation 
occurred, no 3.34 was observed. 
3.2.5. Conjugate addition into cyclopentenone motif. As mentioned above, intramolecular conjugate 
additions, particularly for the formation of 6,6-fused ring systems, are not well-described in the literature.  
 
Scheme 3.9. Conjugate addition into cyclopentenone for collybolide core synthesis. 
We therefore decided to exchange the pyrone motif for the more activated cyclopentenone motif, which 





6,5-fused system in 3.38 (Scheme 3.9). The desired enol lactone 3.16 could be obtained from this 
intermediate via α-oxidation of the resulting cyclopentanone to give 3.39,22 followed by oxidative cleavage 
to give aldehyde 3.40 and subsequent cyclization.23 β-alkyl Suzuki coupling of the organoboron reagent 
3.30 with iodocyclopentenone (3.41) afforded the model system intermediate 3.42, 24 and subsequent tert-
butyl ester cleavage (i.e., formation of 3.43) and NHP ester coupling gave Giese precursor 3.44 (Scheme 
3.10).  
 
Scheme 3.10. Synthesis of model system cyclopentenone Giese reaction substrate. 
Utilizing the conditions applied by Baran and coworkers for decarboxylative Giese reaction, we observed 
formation of the desired product 3.45, in addition to significant amounts of the decarboxylated product. 
Attempts to increase the yield of the desired cyclized product by changing the nickel source and ligands on 
the metal center were unsuccessful (Table 3.1). 
3.2.6. Synthesis of Giese reaction precursor with lactone functionality. Contemporaneously with 
screening of reaction conditions for the Giese reaction on this model system, we pursued the construction 
of the intermediate with the necessary hydroxyl functionality for synthesis of collybolide. To this end, we 
explored methods for installing the lactone into the cyclization precursor (Scheme 3.11). Iodolactonization 
and epoxidation could be performed on malonate derivative 3.46, to give iodolactone 3.47 and epoxide 





organometallic species stoichiometrically26 or under transition metal catalysis, failed on all accounts to 
provide the desired compound 3.49.27 
Table 3.1. Catalyst screening for Ni-catalyzed Giese reaction.
 
Asymmetric diboration of terminal alkenes and subsequent Suzuki coupling with aryl and vinyl halides has 
been described by the Morken group.28 We recognized that this strategy could be an excellent approach for 
accessing our desired lactone, as oxidation of the remaining boronic ester after coupling would generate the 
secondary alcohol necessary for lactone formation.  
 
Scheme 3.11. Iodolactonization and epoxidation approaches to Giese reaction precursor. 
While diboration under the conditions described by Morken, which employs a complex of Pt(dba)3 
and a phosphite ligand as the catalyst, proved to be inefficient with our substrate,28 we found that racemic 
synthesis of the desired (bis)-boronic ester 3.51 was possible through Cs2CO3-catalyzed diboration (Scheme 
3.12).29 In addition, this (bis)-boronic ester was stable to column chromatography, allowing for the coupling 





methylmalonate 3.46 afforded boronic ester 3.51 in 76% yield, and Suzuki coupling of this compound with 
bromocyclopentenone ketal 3.48 under palladium catalysis gave desired alcohol 3.52 after oxidation with 
sodium perborate.28 
 
Scheme 3.12. Synthesis of Giese reaction precursor with additional hydroxyl group. 
With 3.52 in hand, deprotection of the ketal and cyclization to form the lactone in 3.53 was 
accomplished in 87% yield as a mixture of diastereomers using anhydrous HCl Scheme 3.13). Subsequent 
cleavage of the remaining tert-butyl ester with trifluoroacetic acid in dichloromethane gave the 
corresponding carboxylic acid 3.54¸ which was coupled with NHP to give the target precursor 3.37. 
Unfortunately, attempts to accomplish the Giese reaction with this intermediate were unsuccessful, and this 
approach to collybolide was phased out in favor of an alternative strategy.  
 
Scheme 3.13. Coupling to form NHP ester for Giese reaction. 
3.2.7. Retrosynthesis for collybolide via a dearomative approach. As a second synthetic strategy to 
access collybolide, we realized that the core structure could be readily prepared from a symmetrical arene 





aromatic compounds represents a powerful method for transforming substituted arene and heteroarene 
compounds into saturated, structurally-complex, decorated ring structures.30 Aside from being an important 
tool in the refining of petroleum isolates for fuel production, 31 the reduction of aromatic rings by 
hydrogenation has been expanded in recent years to include both heterogenous and homogenous catalytic 
regimes and to tolerate a variety of substituents on the benzene derivative substrates.32,33  
 
Scheme 3.14. Retrosynthetic analysis for collybolide via dearomative hydrogenation and desymmetrization. 
While examples of arene hydrogenation in the synthesis of complex molecules have been limited, 
collybolide appeared to be an ideal target for application of this dearomative reaction (Scheme 3.15).34 In 
this approach, we envisioned accessing enol lactone 3.16 from the corresponding acetal 3.55 via cleavage 
of the cyclic acetal, cyclization of both the enol lactone and the –lactone, and epimerization to the trans-
fusion (Scheme 3.14). Intermediate 3.55 could in turn be accessed through selective α–methylation of the 
dicarboxylic acid mono-ester 3.56. The mono-ester is a desymmetrized derivative of diester 3.57, 35 which 
can be further traced through acetal 3.58 to aryl bromide 3.59.  
3.2.8. Unsuccessful routes to hydrogenation precursor. Thus, initial efforts began to synthesize acetal 
3.62 (Scheme 3.15). From known bromide 3.60, an ideal disconnection would be a direct coupling with a 





organozinc reagent 3.61 or Grignard reagent 3.63 proved to be ineffective under a number of different 
conditions. Reductive cross-electrophile coupling was also unsuccessful (Scheme 3.16),38 as was formation 
of the organozinc reagent from bromide 3.60 and subsequent allylation or alkylation with electrophiles.39 
 
Scheme 3.15. Selected attempts at Kumada and Negishi coupling reactions. 
 





As an alternative, Heck couplings with a vinyl ether and a vinyl boron species were attempted to access 
alternative intermediates with the correct oxidation state. Heck reaction with butyl vinyl ether gave a 
mixture of the aldehyde and ketone constitutional isomers, with the ketone isomer 3.64 being highly favored 
(~6:1 r.r.).40 However, boryl Heck reaction with vinylboronic acid pinacol ester gave mixtures of the vinyl 
boronic ester 3.65 and styrenyl product 3.66 (Scheme 3.17).41 
 
Scheme 3.17. Attempts to synthesize aldehyde precursor via boryl Heck reaction and oxidation of vinyl boronate. 
While this was not an optimal coupling sequence, the product possessed a functional group suited for further 
development into the aldehyde equivalent. Oxidation of the styrenyl boronic ester 3.65 with Oxone® gave 
a mixture of the desired aldehyde 3.67 and chromenone 3.68,42 which is the result of cyclization of the 
aldehyde with one of the two adjacent ester motifs.43 
3.2.9. Synthesis of hydrogenation substrate via Suzuki coupling and oxidative cyclization. The 
inefficiency of this route led us to explore alternative approaches to the acetal intermediate. We had 
previously observed that the boryl Heck reaction had afforded a mixture of the boronic ester 3.65 and the 
styrene product 3.66; therefore, we looked to alter the reaction conditions to form the Suzuki product as the 
major component. Screening of palladium sources and reaction conditions, as well as changing the coupling 
partner from vinylboronic acid pinacol ester to potassium vinyl trifluoroborate shifted the product 
composition such that 65% isolated yields of styrene product 3.66 could be attained (Scheme 3.18).44 In 





and acetal formation; to this end, we were inspired by reports of Wacker-type acetalization processes.45 
Under unoptimized conditions, reaction of styrene 3.66 with ethylene glycol in the presence of catalytic 
PdCl2, CuCl as a stoichiometric oxidant, and DME as the solvent under an oxygen atmosphere gave the 
desired acetal product in 64% yield, with 22% recovered starting material.  
  
Scheme 3.18. Improved Suzuki coupling of aryl bromide precursor and synthesis of acetal product. 
3.2.10. Synthesis of phenolic acetal intermediate. While synthesizing these intermediates, we considered 
the potential difficulty of cleaving an alkyl methyl ether in a sensitive substrate during later stages of the 
synthesis.  
 





Therefore, the styrenyl phenol 3.71 was also prepared using the above-mentioned Suzuki coupling (Scheme 
3.19). Synthesis of the bromide 3.70 bearing the free phenolic group was accomplished by modification of 
the route to the corresponding aryl methyl ether. Initially, 3.60 was exposed to BBr3 in CH2Cl2 to cleave 
the methyl group from the phenol; however, this resulted in mixtures of ester hydrolysis products which 
required re-esterification. Alternative methods for cleavage of the methyl ether were examined, including 
AlCl346 and N,N–diethylamino thioethanol,47 but these did not give superior results. Therefore, the methyl 
ether was cleaved prior to Fischer esterification of diacid 3.69.48 Exposure of 3.69 to BBr3 in CH2Cl2, 
followed by Fischer esterification, afforded desired phenol 3.71 in 61% yield overall. Suzuki coupling of 
this phenol substrate worked in greater efficiency relative to that of the methyl ether, giving desired styrene 
3.71 in 74% yield. Utilizing the Wacker acetalization process described above, hydrogenation precursor 
3.72 was accessed in 60% yield.  
3.2.11. Initial results for dearomative hydrogenation. With hydrogenation precursors prepared, the key 
dearomative reduction was explored. The preliminary results of the optimization of this process are shown 
in Table 3.2.  
Table 3.2. Preliminary screening data for dearomative hydrogenation. 
 
Initial experiments using Rh/Al2O3 at lower pressures gave no conversion at room temperature. 





for phenols33a and aryl fluorides.33c This catalyst was tested for the hydrogenation of 3.62 and 3.72, with no 
hydrogenation observed in either case; instead, acetal exchange to the dimethyl acetal was observed for the 
methylated precursor, and a complex mixture was obtained in the case of the phenol. Due to the 
heterogenous nature of the catalyst, we were concerned that different sources of rhodium could have 
different reactivity. Therefore, different batches of catalyst were compared under increased pressure and 
temperature conditions. Surprisingly, there was a significant difference in the efficiency of two lots of 
rhodium catalyst from the same supplier; with lot A, very little conversion was observed, and with lot B, 
efficient hydrogenation occurred. Gratifyingly, increasing the pressure of hydrogenation to 1400 psi, 
running the reaction at 60 C, and increasing the reaction time to 48 hours afforded the desired cyclohexane 
product 3.75 in 62% yield, with the relative stereochemistry determined by 2D NMR.  
3.3. Conclusion and remaining steps for collybolide synthesis.  
With hydrogenation of 3.72 accomplished, the next step for the completion of this small molecule will be 
desymmetrization under enzymatic conditions (Scheme 3.20). There have been numerous examples of 1,3-
diester substituted cyclohexanes undergoing selective hydrolysis with lipase enzymes.35 Both enantiomers 
are accessible using this process, and this strategy has been employed in the synthesis of important 
molecules such as oseltamivir.34 After desymmetrization, the mono-ester will then undergo double 
deprotonation and alkylation, thus installing the requisite quaternary center in 3.76.49 Subsequent 
deprotection of the acetal, cyclization to form both lactone rings, and epimerization, followed by final 
installation of the furyl motif and benzoate ester as described above, will complete the synthesis of 
collybolide (3.8). 
 






3.4. Experimental section.  
3.4.1. General experimental. Unless otherwise noted, all reactions were carried out under an ambient 
atmosphere. All chemicals were purchased from commercial suppliers and used as received. Dry 
dichloromethane (DCM) and tetrahydrofuran (THF) were obtained by passing commercially available 
anhydrous, oxygen-free formulations through activated alumina columns. Dry, degassed dimethoxyethane 
(DME) was purchased in SureSeal® bottles and used as received. For ethyl acetate (EtOAc), acetone, 
methanol, and 2-propanol, commercially available anhydrous solvents were used without further 
purification. Rhodium (lot A and lot B, 5 wt% on Alumina) was purchased from Alfa Aesar and used as 
received. Analytical thin-layer chromatography was performed on Merck silica gel 60 F254 glass plates. 
Visualization was accomplished with UV light and/or potassium permanganate (KMnO4), vanillin, or ceric 
ammonium molybdate (CAM) solutions. Retention factor (Rf) values reported were measured using a 5 × 
2 cm TLC plate in a developing chamber containing the solvent system described. Flash column 
chromatography was performed using Silicycle SiliaFlash® P60 (SiO2, 40-63 μm particle size, 230-400 
mesh). 
 1H, 19F, and 13C NMR spectra were recorded on Varian Unity Inova 500 (500 MHz, 1H; 126 MHz, 13C) 
or Bruker 500 (500 MHz, 1H; 126 MHz, 13C) MHz spectrometers. Spectra are referenced to residual 
chloroform (δ = 7.26 ppm, 1H; 77.16 ppm, 13C), residual DMSO-d6 (δ = 2.50 ppm, 1H; 39.52 ppm, 13C), or 
residual methanol (δ = 3.31 ppm, 1H; 49.0 ppm, 13C). Chemical shifts are reported in parts per million 
(ppm). Multiplicities are indicated by s (singlet), d (doublet), t (triplet), q (quartet), sept (septet), m 
(multiplet), and br (broad). Coupling constants J are reported in Hertz (Hz).  
Mass spectrometry (MS) was performed by the University of Illinois Mass Spectrometry Laboratory. 
Electron Impact (EI+) spectra were performed at 70 eV using methane as the carrier gas, with time-of-flight 
(TOF) mass analyzer. Chemical Ionization (CI+) spectra were performed with methane reagent gas, with 
either a double focusing sector field (DFSF) or time-of-flight (TOF) mass analyzer. Electrospray ionization 
(ESI+) spectra were performed using a time-of-flight (TOF) mass analyzer. Data are reported in the form 





Agilent 6230 ESI TOF LC/MS spectrometers were used to obtain the high-resolution mass spectra. Infrared 
spectra were measured neat on a Perkin-Elmer spectrum BX FT-IR spectrometer. Peaks are reported in 
cm−1 with indicated relative intensities: s (strong, 0–33% T); m (medium, 34–66% T), w (weak, 67–100% 
T), and br (broad).  
Melting points were measured on a Buchi B-540 melting point apparatus and are uncorrected. 
3.4.2. Synthesis of dearomative hydrogenation route intermediates.  
Synthesis of 3.65: In the glovebox, bromide 3.60 (152 mg, 0.50 mmol, 1.0 equiv.), 
Pd2(dba)3 (23 mg, 0.025 mmol, 0.05 equiv.), and P(t-Bu)3•HBF4 (14.5 mg, 0.05 mmol, 0.10 equiv.) were 
added to an oven dried 4 mL vial, which was capped and brought out of the glove box. Under a nitrogen 
atmosphere, dried, degassed toluene (2 mL), degassed DIPEA (87 L, 0.50 mmol, 1.0 equiv.), and 
vinylboronic acid pinacol ester (100 L, 0.50 mmol, 1.0 equiv.) were added. The reaction was heated to 90 
C and stirred for two hours. After cooling to room temperature, water (2 mL) and ethyl acetate (5 mL) 
were added. The layers were separated, and the aqueous layer was extracted with ethyl acetate (3 × 5 mL). 
The combined organic layers were washed with brine, dried with MgSO4, and concentrated. Flash 
chromatography (SiO2, hexanes:EtOAc = 4:1) gave 3.65 as a white solid (76 mg, 0.20 mmol, 40%) and 
3.66 as a white solid (25 mg, 0.10 mmol, 20%). 
Rf = 0.22 (SiO2, hexanes:EtOAc = 3:1, UV + KMnO4) 
m.p. = 102–104 °C (uncorrected) 
1H NMR (500 MHz, CDCl3) δ 7.86 (d, J = 18.4 Hz, 1H), 7.36 (s, 2H), 5.46 (d, J = 18.4 Hz, 1H), 3.84 (s, 
3H), 3.82 (s, 6H), 1.28 (s, 12H). 
13C NMR (126 MHz, CDCl3) δ 168.2, 158.4, 148.4, 133.1, 133.0, 117.9, 83.4, 55.8, 52.4, 24.9. 





IR (ATR, neat, cm-1): 2978 (w), 2948 (w), 1719 (s), 1621 (m), 1567 (w), 1466 (m), 1435 (m), 1380 (w), 
1324 (s), 1294 (m), 1241 (s), 1227 (s), 1111 (m), 1046 (s), 1004 (m), 992 (s). 
Synthesis of 3.66: Bromide 3.6048 (500 mg, 1.65 mmol, 1.0 equiv.) and potassium 
vinyltrifluoroborate (331 mg, 2.47 mmol, 1.50 equiv.) were added to 75 mL pressure tube, which was 
capped with a septum and taken into the glove box. In the glove box, Pd(dppf)Cl2 (60 mg, 0.083 mmol, 
0.05 equiv.) and Cs2CO3 (1.08 g, 3.30 mmol, 2.0 equiv.) were added. The pressure tube was removed from 
the glove box, and degassed dioxane (16 mL) and degassed water (1.6 mL) were added under a nitrogen 
atmosphere. The pressure tube was sealed, and the reaction was heated to 90 C and stirred for 18 hours. 
After cooling to room temperature, water (20 mL) and ethyl acetate (20 mL) were added. The layers were 
separated, and the aqueous layer was extracted with ethyl acetate (3 × 10 mL). The combined organic layers 
were washed with brine, dried with MgSO4, and concentrated. Flash chromatography 
(SiO2, hexanes:EtOAc = 5:1) afforded 3.66 as a white solid (266 mg, 1.06 mmol, 65%). 
Rf = 0.50 (SiO2, hexanes:EtOAc = 3:1, UV + KMnO4) 
m.p. = 46–47 °C (uncorrected) 
1H NMR (500 MHz, CDCl3) δ 7.39 (s, 2H), 7.27 (dd, J = 17.6, 11.2 Hz, 1H), 5.33 (d, J = 11.2 Hz, 0H), 
5.11 (d, J = 17.6 Hz, 1H), 3.88 (s, 9H) 
13C NMR (126 MHz, CDCl3) δ 168.3, 158.1, 135.6, 133.3, 132.2, 117.8, 117.7, 55.9, 52.5. 
HRMS (ESI-TOF, m/z) calcd. For C13H15O5 [M+H]+ calc.: 251.0919; found: 251.0907  
IR (ATR, neat, cm-1): 3085 (w), 2951 (w), 2843 (w), 1717 (s), 1599 (m), 1470 (m), 1434 (s), 1405 (w), 





 Synthesis of 3.67 and 3.68: Vinyl boronic ester 3.65 (66 mg, 0.18 mmol, 1.0 
equiv.) in a 4 mL vial was dissolved in acetone (0.40 mL). A solution of Oxone® (54 mg, 0.18 mmol, 1.0 
equiv.) in 0.5 mL of water was added to the vial dropwise at 0 C. The reaction was stirred at 0 C for one 
hour. HCl (1 mL, 1 M aq.) was added, followed by water (1 mL) and ethyl acetate (2 mL). The layers were 
separated, and the aqueous layer was extracted with ethyl acetate (3 × 2 mL). The combined organic layers 
were washed with brine, dried with MgSO4, and concentrated. Flash chromatography 
(SiO2, hexanes:EtOAc = 4:1) gave 3.67  (25 mg, 0.092 mmol, 52%) as a clear oil and 3.68 (11 mg, 0.047 
mmol, 27%) as a white solid. 
Rf = 0.20 (SiO2, hexanes:EtOAc = 4:1, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) δ 9.77 (s, 1H), 7.62 (s, 2H), 4.35 (s, 2H), 3.88 (s, 6H), 3.87 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 199.2, 167.3, 158.1, 133.6, 127.7, 119.8, 55.9, 52.7, 44.7. 
HRMS (ESI-TOF, m/z) calcd. For C13H15O6 [M+H]+ calc.: 267.0869; found: 267.0860  
IR (ATR, neat, cm-1): 2953 (w), 2842 (w), 1718 (s), 1601 (m), 1434 (m), 1383 (w), 1328 (m), 1231 (s), 
1163 (m), 1048 (m), 1032 (s), 986 (m), 936 (w). 
  
Rf = 0.33 (SiO2, hexanes:EtOAc = 4:1 UV + KMnO4) 
m.p. = 108–110 °C (uncorrected) 
1H NMR (500 MHz, CDCl3) δ 7.98 (d, J = 2.9 Hz, 1H), 7.96 (d, J = 2.9 Hz, 1H), 7.62 (d, J = 5.9 Hz, 1H), 





13C NMR (126 MHz, CDCl3) δ 161.92, 158.65, 143.56, 130.00, 127.20, 126.40, 124.54, 118.09, 115.49, 
104.29, 56.04, 52.57. 
HRMS (ESI-TOF, m/z) calcd. For C12H11O5 [M+H]+ calc.: 235.0606; found: 235.0597 
IR (ATR, neat, cm-1): 3087 (w), 2952 (w), 1720 (s), 1631 (w), 1600 (m), 1472 (m), 1434 (m), 1348 (m), 
1217 (s), 1072 (s), 1042 (s), 983 (m), 879 (m), 807 (m). 
Synthesis of 3.70: An oven dried 250 mL flask with an oven dried dropping funnel 
was charged with bromide 3.6948 (2.00 g, 7.27 mmol, 1.0 equiv.) and the flask and additional funnel were 
placed under a nitrogen atmosphere. Dried, degassed dichloromethane (73 mL) was added, and the flask 
was cooled to –78 C. A solution of BBr3 (22 mL, 1.0 M in dichloromethane, 22 mmol, 3.0 equiv.) was 
syringed into the addition funnel, and the solution was added dropwise at –78 C. The reaction was allowed 
to warm to room temperature overnight. Excess BBr3 was quenched slowly with methanol (10 mL) at 0 C. 
Water (20 mL) was added, the layers were separated, extracted with ethyl acetate (3 × 30 mL). The aqueous 
layer was concentrated, and the salts were extracted with 3:1 CHCl3:i-PrOH (3 x 20 mL). The organic layers 
were dried with MgSO4 and concentrated. The residue was dissolved in methanol (30 mL), and concentrated 
H2SO4 (1 mL) was added. The reaction was heated to reflux under a nitrogen atmosphere and stirred for 8 
hours. After cooling to room temperature, the reaction mixture was poured into ice water and concentrated. 
The aqueous layer was extracted with ethyl acetate (3 X 30 mL), the organic layers were washed with brine, 
dried over MgSO4, and concentrated. Flash chromatography (SiO2, CH2Cl2:EtOAc = 9:1) gave 3.70 (1.28 
g, 4.43 mmol, 61%) as a white solid.  
Rf = 0.58 (SiO2, CH2Cl2:EtOAc = 9:1, UV + KMnO4) 
m.p. = 150–152 °C (uncorrected) 
1H NMR (500 MHz, CDCl3) δ 7.22 (s, 2H), 5.67 (s, 1H), 3.94 (s, 6H). 





HRMS (ESI-TOF, m/z) calcd. For C10H10O5Br [M+H]+ calc.: 288.9712; found: 288.9700. 
IR (ATR, neat, cm-1): 3334 (br s), 2955, 1732 (s), 1706 (s), 1582 (w), 1432 (m), 1352 (m). 1319 (w), 1272 
(s), 1205 (m), 1128 (s), 988 (s), 900 (m), 880 (s), 769 (m), 627 (s). 
 Synthesis of 3.71: Bromide 3.70 (1.25 g, 4.32  mmol, 1.0 equiv.) and potassium 
vinyltrifluoroborate (695 mg, 5.19 mmol, 1.20 equiv.) were added to a 150 mL pressure tube, which was 
capped with a septum and taken into the glove box. In the glove box, Pd(dppf)Cl2 (158 mg, 0.22 mmol, 
0.05 equiv.) and Cs2CO3 (2.82 g, 8.65 mmol, 2.0 equiv.) were added. The pressure tube was removed from 
the glove box, and degassed dioxane (39 mL) and degassed water (4.3 mL) were added under a nitrogen 
atmosphere. The pressure tube was sealed, and the reaction was heated to 90 C and stirred for 18 hours. 
After cooling to room temperature, water (20 mL) and ethyl acetate (50 mL) were added. The layers were 
separated, and the aqueous layer was extracted with ethyl acetate (3 × 20 mL). The combined organic layers 
were washed with brine, dried with MgSO4, and concentrated. Flash chromatography 
(SiO2, hexanes:EtOAc = 2:1) afforded 3.71 as a white solid (753 mg, 4.32 mmol, 74%). 
Rf = 0.63 (SiO2, hexanes:EtOAc = 2:1, UV + KMnO4) 
m.p. = 104–106 °C (uncorrected) 
1H NMR (500 MHz, CDCl3) δ 7.34 (s, 2H), 7.23 (dd, J = 17.6, 11.3 Hz, 1H), 5.54 (s, 1H), 5.30 (dd, J = 
11.3, 1.5 Hz, 1H), 5.08 (dd, J = 17.6, 1.5 Hz, 1H), 3.85 (s, 6H). 
13C NMR (126 MHz, CDCl3) δ 168.25, 154.36, 135.52, 133.44, 132.55, 119.41, 119.38, 117.80, 52.58, 
52.56. 
HRMS (ESI-TOF, m/z) calcd. For C12H13O5 [M+H]+ calc.: 237.0763; found: 237.0757 
IR (ATR, neat, cm-1): 3298 (br s), 3013 (w), 2999 (w), 1714 (s), 1689 (s), 1609 (m), 1575 (m), 1441 (s), 





Synthesis of 3.62: Styrene 3.66 (200 mg, 0.80 mmol, 1.0 eq.) was added to an oven-
dried 12 mL vial which was brought into the glovebox. In the glove box, PdCl2 (14.2 mg, 0.08 mmol, 0.1 
eq.) and CuCl (79.1 mg, 0.80 mmol, 1.0 eq.) were added. The vial was capped and removed from the 
glovebox. Dry, degassed 1,2-dimethoxyethane (8 mL) and ethylene glycol (45 L, 0.8 mmol, 1.0 eq.) were 
added. The solution was bubbled through with oxygen (via balloon), and then a fresh balloon of oxygen 
was placed over the vial. The reaction was heated to 60 C and stirred for 24 hours. The reaction was cooled 
to room temperature, and ether (5 mL) was added. The reaction was filtered through celite and concentrated. 
Flash chromatography (SiO2, hexanes:EtOAc = 3:1) afforded 3.62 as a clear oil (159 mg, 0.51 mmol, 64%) 
and 3.66 (43 mg, 0.17 mmol, 22%). 
Rf = 0.25 (SiO2, hexanes:EtOAc = 3:1, UV + KMnO4) 
1H NMR (500 MHz, CDCl3) δ 7.38 (s, 2H), 5.11 (t, J = 4.4 Hz, 1H), 3.90 (s, 6H), 3.83 (s, 3H), 3.76 (s, 4H), 
3.70 (d, J = 4.4 Hz, 2H). 
13C NMR (126 MHz, CDCl3) δ 168.44, 157.51, 134.99, 128.23, 118.41, 104.54, 65.06, 55.74, 52.48, 32.44. 
HRMS (ESI-TOF, m/z) calcd. For C15H19O7 [M+H]+ calc.: 311.1131; found: 311.1124. 
IR (ATR, neat, cm-1): 2952 (w), 2886(w), 1721 (s), 1601 (m), 1468 (m), 1434 (m), 1380 (w), 1329 (m), 
1231 (s). 1193 (m), 1165 (m), 1045 (s), 976 (m). 787 (w), 719 (w).  
Synthesis of 3.72: Styrene 3.71 (1.00 g, 4.23 mmol, 1.0 eq.) was added to an oven-
dried 50 mL Schlenk flask which was brought into the glovebox. In the glove box, PdCl2 (75 mg, 0.42 





removed from the glovebox. Dry, degassed 1,2-dimethoxyethane (21 mL) and ethylene glycol (1.18 mL, 
21.2 mmol, 5.0 eq.) were added. The solution was bubbled through with oxygen (via balloon), and then a 
fresh balloon of oxygen was placed over the flask. The reaction was heated to 60 C and stirred for 24 
hours. The reaction was cooled to room temperature, and ethyl acetate (10 mL) was added. The reaction 
was filtered through celite, using ethyl acetate as eluent, and concentrated. Flash chromatography 
(SiO2, hexanes:EtOAc = 2:1) afforded 3.72 as a white solid (770 mg, 2.60 mmol, 61%). 
Rf = 0.50 (SiO2, hexanes:EtOAc = 1:1, UV + KMnO4) 
m.p. = 128–130 °C (uncorrected) 
1H NMR (500 MHz, Chloroform-d) δ 7.34 (s, 2H), 5.12 (t, J = 4.4, Hz, 1H), 5.06 (s, 1H), 3.90 (s, 6H), 3.76 
(s, 4H), 3.70 (d, J = 4.4 Hz, 2H). 
13C NMR (126 MHz, CDCl3) δ 168.54, 168.50, 154.01, 153.97, 135.00, 128.12, 128.07, 120.11, 104.51, 
65.04, 52.55, 32.42. 
HRMS (ESI-TOF, m/z) calcd. For C14H17O7 [M+H]+ calc.: 297.0974; found: 297.0962 
IR (ATR, neat, cm-1): 3361 (br s), 2954 (w), 2921 (w), 2891 (w), 1722 (s), 1701 (s), 1610 (m), 1587 (m), 
1457 (m), 1430 (m), 1391 (w), 1329 (m), 1213 (s), 1022 (m), 874 (m).  
 Synthesis of 3.74: Dioxolane 3.62 (62 mg, 0.20 mmol, 1.0 equiv.) was dissolved 
in methanol (1 mL) in a 4 mL vented vial. Rhodium (5% on Al2O3, 10 mg) was added, and the vial was 
placed in a high-pressure autoclave. The reaction vessel was inserted in a shaker, was purged with nitrogen 
three times then pressurized to 1400 psi with H2. The jacket temperature was set to 60 C, and the reaction 
was shaken for 24 hours. After 24 hours, the reaction was cooled to room temperature and the pressure was 





was concentrated. Crude NMR analysis showed 53% conversion. Flash chromatography  
(SiO2, hexanes:EtOAc = 2:1) gave 3.74 as a white solid (16 mg, 0.051 mmol, 25%). 
Rf = 0.33 (SiO2, hexanes:EtOAc = 1:1, UV + KMnO4) 
m.p. = 111–112 °C (uncorrected) 
1H NMR (500 MHz, CDCl3) δ 4.78 (t, J = 4.5 Hz, 1H), 3.90 – 3.82 (m, 2H), 3.81 – 3.73 (m, 2H), 3.67 (s, 
4H), 3.36 (s, 3H), 3.19 – 3.08 (m, 1H), 2.73 (p, J = 4.0 Hz, 1H), 2.49 (dt, J = 13.3, 3.4 Hz, 2H), 2.14 – 2.03 
(m, 2H), 1.63 (t, J = 4.5 Hz, 2H), 1.46 (q, J = 13.3, 11.1 Hz, 2H). 
13C NMR (126 MHz, CDCl3) δ 173.46, 103.80, 77.48, 64.98, 56.00, 51.82, 45.55, 32.85, 29.68, 28.38. 
HRMS (ESI-TOF, m/z) calcd. For C15H25O7 [M+H]+ calc.:317.1600; found: 317.1588 
IR (ATR, neat, cm-1): 2951 (w), 2849 (w), 1725 (s), 1435 m), 1363 (m), 1277 (m), 1209 (m), 1183 (s), 1091 
(s), 1031 (m), 995 (m), 886 (m), 807 (w), 778 (w). 
Synthesis of 3.75: Dioxolane 3.72 (178 mg, 0.60 mmol, 1.0 equiv.) was dissolved 
in methanol (3 mL) in a 20 mL vented vial. Rhodium (5% on Al2O3, 40 mg) was added, and the vial was 
placed in a high-pressure autoclave. The reaction vessel was inserted in a shaker, was purged with nitrogen 
three times then pressurized to 1400 psi with H2. The jacket temperature was set to 60 C, and the reaction 
was shaken for 48 hours. After 48 hours, the reaction was cooled to room temperature and the pressure was 
slowly released. The reaction mixture was filtered through celite with methanol to remove rhodium and 
concentrated. Flash chromatography  (SiO2, hexanes:EtOAc = 1:3) gave 3.75 as a white solid (112 mg, 0.37 
mmol, 62%) and 3.72 as a white solid (46 mg, 0.16 mmol, 26%). 
Rf = 0.50 (SiO2, 100% EtOAc, UV + KMnO4) 





1H NMR (500 MHz, CDCl3) δ 4.79 (t, J = 4.6 Hz, 1H), 3.95 – 3.84 (m, 2H), 3.84 – 3.73 (m, 2H), 3.68 (s, 
6H), 3.68 – 3.59 (m, 1H), 2.71 (p, J = 4.2 Hz, 1H), 2.54 (dt, J = 12.9, 3.5 Hz, 2H), 2.08 – 1.98 (m, 2H), 
1.67 (t, J = 4.6 Hz, 3H), 1.59 (d, J = 13.3 Hz, 1H), 1.54 (d, J = 12.9 Hz, 1H). 
13C NMR (126 MHz, CDCl3) δ 173.32, 103.63, 68.77, 64.87, 51.74, 45.28, 32.50, 31.87, 29.76. 
HRMS (ESI-TOF, m/z) calcd. For C14H23O7 [M+H]+ calc.: 303.1444; found: 303.1439.  
IR (ATR, neat, cm-1): 3310 (br s), 2950 (w), 1728 (s), 1441 (m), 1362 (m), 1279 (m), 1184 (s), 1123 (m), 
1008 (s), 958 (w), 869 (w). 730 (w), 699 (w). 
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